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ABSTRACT 

The i n f l u e n c e  of  c o l l i s i o n a l  and r a d i a t i v e  process-  
es on t h e  popu la t ion  of spo rad ic  and shower meteoroids  i s  
examined. It i s  found that  t h e  observed d i s t r i b u t i o n  o f  
spo rad ic  meteoroids  i n  t he  photographic  and r a d i o  ranges  
i s  u n s t a b l e :  c o l l i s i o n a l  p rocesses  would r a p i d l y  change 
t h e  d i s t r i b u t i o n  o f  these p a r t i c l e s  i f  t h e y  are not  r e p l e n i s h -  
ed by a source .  It i s  shown t h a t ,  i n  o r d e r  to mainta in  
t he  d i s t r i b u t i o n  o f  these sporad ic  meteoroids  i n  a s t eady  
s t a t e  cond i t ion ,  a source  i s  needed which r e p l a c e s  t h e  spo- 
r a d i c  meteoroids  des t royed  by c o l l i s i o n s .  The mass d i s t r i -  
bu t ion  of  t h e  r e q u i r e d  source  i s  c a l c u l a t e d  and found to agree 
w i t h  t h e  d i s t r i b u t i o n  of  b r i g h t  r a d i o  shower meteors provided 
tha t  t h e  popu la t ion  index ,  a, o f  spo rad ic  meteors ( i n  t h e  photo- 
g raph ic  and r a d i o  r a n g e s )  i s  taken  to be  a = 13/6. 

The e v o l u t i o n  of t h e  popu la t ion  i n  a meteor 
shower under t h e  i n f l u e n c e  of c o l l i s i o n s  w i t h  spo rad ic  
meteoroids  i s  a l s o  examined. Since s m a l l  p a r t i c l e s  have 
s h o r t e r  l i f e  times ( w i t h  r e s p e c t  to c o l l i s i o n s )  than  do 
l a r g e r  p a r t i c l e s ,  t h e  popu la t ion  of f a i n t  shower meteors 
i s  more s t r o n g l y  e f f e c t e d .  It i s  found t h a t  t h e  mass 
d i s t r i b u t i o n  of  f a i n t  r a d i o  meteors  i n  the  major showers 
cons idered  here agree w i t h  t h e  r e s u l t s  of the a n a l y s i s  provided 
t h a t  a = 13/6, f o r  spo rad ic  meteors .  Taking a = 13/6 t he re -  
f o r e  p rov ides  se l f - cons i s t ency  for a n a l y s i s  and obse rva t ion  
thereby  p rov id ing  new evidence f a v o r i n g  t h e  cometary o r i g i n  
of m e t e o r s .  

The r a t e  a t  which the  popu la t ion  o f  spo rad ic  
meteoroids  i s  l o s i n g  mass i s  c a l c u l a t e d  and found to 
compare f avorab ly  w i t h  Whipple's 1967 e s t i m a t e  as w e l l  
as h i s  estimate of  t he  r a t e  a t  which comets are i n j e c t i n g  
m e t e o r i t i c  mass i n t o  t he  s o l a r  s y s t e m .  

The i n f l u e n c e  of r a d i a t i o n  damping on t h e  meteor- 
o i d  mass d i s t r i b u t i o n  i s  found to be minor; c o l l i s i o n a l  
p rocesses  dominate the e v o l u t i o n  of meteoroids  i n  t h e  f a i n t  
r a d i o  range and b r i g h t e r .  
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The i n f l u e n c e  o f  r a d i a t i o n  p r e s s u r e  may be 
profound. Using p rev ious  work by H a r w i t ,  it i s  shown 
t h a t  t h e  smallest masses p r e s e n t  i n  the  major  meteoroid 
showers are i n  t h e  range  of 
i s  p r e c i s e l y  t h e  mass range .where a l e v e l i n g  o f f  o f  t h e  
d i s t r i b u t i o n  of  s p o r a d i c  meteoro ids  i s  i n d i c a t e d  by satel -  
l i t e  p e n e t r a t i o n  measurements. These measurements are 
t h e r e f o r e  c o n s i s t e n t  w i t h  t he  cometary o r i g i n  o f  
spo rad ic  meteoro ids .  

t o  1 0  -lo grams. T h i s  
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I. I N T R O D U C T I O N  

The o r i g i n  of meteoroids  i s  a s u b j e c t  of  cons ide rab le  
i n t e r e s t  f o r  s t u d e n t s  of t h e  s o l a r  s y s t e m  ( c f .  J a c c h i a ,  1963, 
f o r  a rev iew) .  Two types  of  meteor popu la t ions  can b e  d i s t i n -  
gu ished ,  accord ing  to t h e i r  spa t ia l  d i s t r i b u t i o n  namely shower 
meteors and sporad ic  meteors.  Shower meteors move i n  h i g h l y  
c o r r e l a t e d  o r b i t s  s o  tha t  these meteors are d i s t r i b u t e d  i n t o  
t h e  volume of an e l l i p t i c a l  doughnut w i t h  t he  sun a t  one of i t s  
Foci .  Close c o r r e l a t i o n  between t h e  o r b i t  of a meteor shower 
and t h a t  of a known comet has been e s t ab l i shed  f o r  a number of 
meteor showers (see,  e . g . ,  L o v e l l ,  1954) and hence i t  i s  b e l i e v e d  
that  meteor  showers o r i g i n a t e  from the  p a r t i a l  d i s r u p t i o n  of 
comets (Whipple,  1963) .  Such d i s r u p t i o n s  occur  when t h e  comet 
i s  s u b j e c t e d  to t h e  thermal  f o r c e s  caused b y  t h e  s u n ' s  r a d i a t i o n  
(Whipple, 1963) .  

Sporadic  meteoroids ,  on t h e  o t h e r  hand, move i n  ran- 
dom o r b i t s  and " f i l l  up" t h e  i n t e r p l a n e t a r y  space l i k e  i dea l  
gas molecules .  It i s  g e n e r a l l y  b e l i e v e d  tha t  t h e  popu la t ion  
of s p o r a d i c  and shower meteoroids  are c l o s e l y  re la ted  ( c . f .  
J a c c h i a ,  1963) .  P l ane ta ry  p e r t u r b a t i o n s  cause shower p a r t i c l e s  
to s e p a r a t e  from t h e  "mainstream" and l o s e  themselves among 
the  s p o r a d i c  meteoroids  (P lavec ,  1956) .  T h i s  mechanism may 
account f o r  t h e  o r i g i n  o f  t h e  s p o r a d i c  meteoroids  as shower 
meteoroids  tha t  have gone astray under t h e  p e r t u r b i n g  i n f l u e n c e  
o f  p l a n e t s ;  i t  i s  t h e  purpose of t h e  p r e s e n t  paper  t o  supply 
independent evidence s u p p o r t i n g  t h i s  theory .  

Two d i s t i n c t  g r a v i t p t i o n a l  d i spersa l  p rocesses  can be 
d i s t i n g u i s h e d  f o r  meteor streams. One dispersal  e f f e c t  ar ises  
when p a r t i c l e s  are e j e c t e d  from t h e  comet n e a r  p e r i h e l i o n  w i t h  
a r e l a t i v e l y  small  b u t  l i m i t e d  e j e c t i o n  v e l o c i t y  (Whipple,  1950, 
1951) .  The r e s u l t  i s  a d i s t r i b u t i o n  of o r b i t a l  e lements  f o r  
t h e  p a r t i c l e s  around a mean va lue  similar to t h e  o r b i t a l  e lements  
of t he  p a r e n t  comet ( see ,  e . g . ,  P lavec ,  1955) .  T h i s  means t h a t  
t he  p a r t i c l e s  assume a spa t i a l  d i s t r i b u t i o n  of a c loud  whose 
dimension i s  n a t u r a l l y  de f ined  by  t he  sp read  i n  t he  o r b i t a l  
elements of t h e  p a r t i c l e s .  A s  t i m e  goes on,  however, t h e  d i s -  
t r i b u t i o n  i n  t he  p e r i o d s ' o f  t he  p a r t i c l e s  causes  a g radua l  d i s -  
p e r s a l  of t h e  cloud a long  an o r b i t  s imilar t o  t h a t  of t h e  
p a r e n t  comet u n t i l  one has a s i t u a t i o n  where t h e  shower p a r t i c l e s  
are confined i n t o  a doughnut l i k e  r e g i o n  of  space whose shape 
i s  s imi la r  to the  o r b i t  o f  t he  p a r e n t  comet. 

Another p e r t u r b a t i o n a l  f o r c e  a c t i n g  on t h e  meteor 
shower, independent ly  from t h e  p rocesses  w e  have j u s t  d i scussed ,  
i s  t h e  i n f l u e n c e  of  p l a n e t a r y  encounters .  When a p a r t i c l e  or 
group of p a r t i c l e s  encounter  a p l a n e t ,  t h e y  w i l l  b e  s c a t t e r e d  
i n t o  o r b i t s  t h a t  are q u i t e  d i f f e r e n t  from t h e i r  i n i t i a l  o r b i t s .  
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The magnitude of  the  e f f e c t  depends, o f  course ,  on t h e  proxi -  
m i t y  o f  the encounter .  Opik (1966)  has shown t h a t  t he  long  
range s t a t i s t i c a l  e f f e c t  i s  t h a t  the  p a r t i c l e s  w i l l  assume a 
d i s t r i b u t i o n  o f  o r b i t s  having an average i n c l i n a t i o n  to eccen- 
t r i c i t y  r a t i o  ( f o r  s h o r t  p e r i o d  o r b i t s )  similar to that  of t h e  
sporad ic  meteors reduced by  McCrosky and Posen (1961). 

I n  t h i s  paper,  w e  examine t h e  mass d i s t r i b u t i o n  of 
s p o r a d i c  meteors (Sec t ion  11). Using reasonable  assumptions 
r ega rd ing  the  phys ics  o f  hype rve loc i ty  impact (Sec t ion  111) w e  
show t h a t  the  mass d i s t r i b u t i o n  of spo rad ic  meteoroids  i s  n o t  
s t ab le  under t h e  i n f l u e n c e  of  mutual i n e l a s t i c  c o l l i s i o n s  be- 
tween i n d i v i d u a l  p a r t i c l e s  ( S e c t i o n  I V ) .  T h i s  means tha t  t he  
popu la t ion  of s p o r a d i c  meteoroids  must cont inuous ly  be rep len-  
i s h e d  by a source  f u n c t i o n  i f  the former i s  i n  a s t eady  s ta te  
cond i t ion .  Following t h e  c u r r e n t l y  favored theory  o f  cometary 
o r i g i n ,  meteoroid showers are assumed to be such a source  
f u n c t i o n  and t h e i r  mass d i s t r i b u t i o n  i s  e s t ima ted .  

Theory and obse rva t ion  of the  mass d i s t r i b u t i o n  of 
s e v e r a l  major showers are compared (Sec t ion  IV). The p r e s e n t  
theory  i s  found to be se l f  c o n s i s t e n t  and i n  reasonable  agree- 
ment w i t h  obse rva t ions .  

11. OBSERVATIONAL EVIDENCE 

A.  D i s t r i b u t i o n  of  Sporadic  Meteors 

T h i s  s e c t i o n  i s  a d i s c u s s i o n  of t h e  observed d i s t r i -  
bu t ions  of spo rad ic  and stream meteoroids  t o g e t h e r  w i t h  t he  
c o l l e c t i v e  p r o p e r t i e s  t h a t  t h e  p r e s e n t  s tudy  must e x p l a i n .  

The d i s t r i b u t i o n  of  m e t e G r s  can u s u a l l y  be  approxi- 
mated by t he  form 

-a+l N = Bm 

2 where N i s  the i n f l u x  ra te  i n t o  the  ear th ' s  atmosphere ( p e r  m 
see) o f  o b j e c t s  having  a mass of  m ( K g )  o r  greater. B and c1 

are c o n s t a n t s ,  t h e  l a t t e r  i s  known as the  popu la t ion  index.  

F igure  1 i s  a double loga r i thmic  p l o t  of t h e  cumula- 
t i v e  i n f l u x  rate of spo rad ic  meteors having a mass of m k i l o -  
grams o r  greater. The d i f f e r e n c e  between the  va r ious  estimates 
of t h e  f l u x  i s  an  i n d i c a t i o n  o f  t h e  u n c e r t a i n t y  i n  o u r  knowl- 
edge r ega rd ing  i t s  e x a c t  va lue .  
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The p o i n t s  l a b e l e d  "Expl 23" and "Peg" are t h e  in -  
f l u x  r a t e s  measured by t h e  Explorer  and Pegasus s a t e l l i t e s .  
A s  t hese  s a t e l l i t e s  measured p e n e t r a t i o n ,  i t  i s  necessary  to 
i d e n t i f y  a c e r t a i n  p a r t i c l e  mass w i t h  t h e  p e n e t r a t i o n  o f  a 
g iven  senso r .  Naumann (1968) has c a l i b r a t e d  t h e s e  senos r s  by 
equa t ing  t h e  masses o f  l a b o r a t o r y  p a r t i c l e s  f i r ed  a t  meteor ic  
v e l o c i t i e s  i n t o  s e n s o r s  t h a t  were similar to ones a c t u a l l y  
flown. S ince ,  however, some o f  these p a r t i c l e s  were 
a c c e l e r a t e d  gas  dynamica l ly ,  i t  i s  to be expec ted  t h a t  t h e i r  
xasses d iminished  because of  a b l a t i o n  du r ing  t h e  exper iment .  
The s a t e l l i t e  p o i n t s  should  t h e r e f o r e  be s h i f t e d  towards t h e  
l e f t  on F igure  1 by a n  unknown amount. 

T h e  curve  labeled "maximum" i s  based on Whipple 's  
1 9 6 7  model (Whipple, 1 9 6 7 ) .  For  t h e  sake  of  mathematical  
convenience,  t h e  c1 va lue  of  Whipple 's  model has been a d j u s t e d  
from 2.34 t o  7/3 f o r  r a d i o  and photographic  meteors  and from 
1 . 4 9  t o  3/2 f o r  micrometeoro ids .  The mass va lue  a t  which 
t h e s e  cu rves  meet has been t a k e n  h e r e  as 1 0  -lo Kg; t h i s  i n -  
s u r e s  t h a t  t h e  model l a b e l e d  as maximum i s  a l i k e l y  upper  
l i m i t  to t h e  f l u x  of m i c r o p a r t i c l e s  and r a d i o  meteors .  

The curve  l a b e l e d  "minimum" has a n  index  a=2  and i s  
based on e a r l i e r  r e d u c t i o n s  (unpubl i shed)  of  t h e  Pegasus sa t -  
e l l i t e  measurements. The no rma l i za t ion  of t h e  m i c r o p a r t i c l e  
f l u x  has been chosen for t h i s  ca se  to r e p r e s e n t  a probable  
lower l i m i t .  

The model cumulat ive f l u x  can t h e n  be w k i t t e n  a s :  

- a o + l  N = Bom 

-a+l N = Bm 

where t h e  numer ica l  va lues  a r e  l i s t e d  i n  T a b l e  I .  



BELLCOMM, INC.  - 4 -  

TABLE I 

Minimum Model Maximum Model 

l o g  B, (meters-2 see-') -11.1 -9.99 

01, - 1 1/2  1/2 

u,(Kg) % 1 0 - ~ 5  % 1 0 - ~ 5  

u (Kg) 

l o g  B (meters-2 see-') -16.6 -18.3 

" - 1  +1 413 

Number d e n s i t i e s  f ( m ) d m  can r e a d i l y  be  obta ined  from 
eq-2 : 

4 a&f f ( m ) d m  = - - - <v,> a m  ( 3 )  

where <v,> i s  t h e  average meteor e a r t h  e n t r y  v e l o c i t y .  The 
f a c t o r  4 a r i s e s  as a r e s u l t  o f  averaging  t h e  v e l o c i t y  d i s t r i -  
bu t ion  over  a l l  d i r e c t i o n s .  

We, t h e r e f o r e ,  have f o r  t h e  number of p a r t i c l e s  pe r  
meter3 i n  t h e  mass range m t o  m+dm 

where 

i n  MKS u n i t s .  
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Because o f  u n c e r t a i n t i e s  i n  the mass i n f l u x  ra tes  
based on p e n e t r a t i o n  measurements by s a t e l l i t e s ,  it i s  d i f f i -  
c u l t  to choose between t h e  models labeled minimum and maximum. 
The maximum model may overes t imate  t h e  f l u x  of p a r t i c l e s  f o r  
masses s m a l l e r  t h a n  lo-' K g  and t h e  minimum model may under- 
e s t i m a t e  i t .  I n  suppor t  o f  t h e  model, w e  may men- 
t i o n  t h a t  t h e  index a appears to be greater t h a n  2 ;  Hawkins 
and Upton, 1958, ob ta ined  a n  index  a=2 .34  f o r  a sample of  
t h e  Harvard photographic  meteors  ( c f . ,  however, Er ickson ,  1968) .  
However, f o r  a l a r g e r  bu t  less  p r e c i s e l y  reduced sample of 
t h e  same meteors  (McCrosky and Posen, 1961) ,  Dohnanyi (1966,671 
obta ined  an index  of a=2 .  Furthermore,  radar work i n d i c a t e s  
t h a t  a n  index of  a=2 i s  a p p r o p r i a t e  f o r  r a d i o  meteors .  

F igure  2 i s  a p l o t  of t h e  index a f o r  r a d i o  meteors  
ve r sus  t he  r a d i o  magnitude Mr based on t h e  s tudy  of E l fo rd  (1965) .  
While a p r e c i s e  i d e n t i f i c a t i o n  of a g i v e n  va lue  o f  Mr w i t h  a 
meteor  mass i s  u n c e r t a i n ,  i t  may be said that  t h e  range  i n  
magnitude o f  M r = O  to M r = 1 4 ,  i n c l u d e s  a mass range of t h e  

o rde r  of about  It can b e  s een ,  from 
Figure  2 ,  t h a t  a l l  of  t h e  r a d i o  de t e rmina t ion  of  a y i e l d  a 
va lue  o f  2 to 2.5.  Because of u n c e r t a i n i t e s  i n  r a d i o  measure- 
ments ( c g . ,  f o r  example, Greenhow, 19631, however, i t  i s  d i f f i -  
c u l t  to choose one p a r t i c u l a r  index  on the  basis of  these 
measurements a l o n e .  

K g  to about  lo-' Kg. 

We sha l l ,  t h e r e f o r e ,  r e t a i n  both  models under  d i scus -  
s i o n  f o r  t h e  purposes  of t h i s  paper  and make a p p r o p r i a t e  com- 
p a r i s o n s  i n  t h e  cour se  of t h e  a n a l y s i s .  

B. D i s t r i b u t i o n  of  Stream Meteors 

A meteor  stream i s  a s w a r m  of p a r t i c l e s  d i s t r i b u t e d  
a long  a w e l l  de f ined  o r b i t .  A number of major  s t reams have 
o r b i t s  a s s o c i a t e d  w i t h  known comets ( s e e ,  e .g . ,  Love l l ,  1954) 
and i t  i s  w e l l  e s t a b l i s h e d  t h a t  t h e  p a r t i c l e s  o r i g i n a t e d  from 
these comets.  P l a n e t s  p e r t u r b  t h e  o r b i t s  of t h e s e  p a r t i c l e s  
t o  an  e x t e n t  t h a t  meteor  streams l o s e  many of  t h e i r  members 
cont inuous ly  o r  from t ime t o  t i m e .  The p a r t i c l e s  t h a t  have 
t h u s  gone f ' a s t r ay"  are be l i eved  to c o n s t i t u t e  t h e  bu lk  of t h e  
popu la t ion  of  spo rad ic  meteors .  It t h e r e f o r e  fo l lows  that  a 
c l o s e  connec t ion  between t h e  d i s t r i b u t i o n  of  stream and spo- 
r a d i c  meteoro ids  e x i s t s  which i s  t h e  task o f  t h e  p r e s e n t  paper  
t o  e x p l a i n .  
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Figure  3 summarizes some of t h e  r e s u l t s  of r a d i o  
work as g iven  by E l f o r d  (1965) .  The f i g u r e  i s  a p l o t  o f  t h e  
f requency  d i s t r i b u t i o n  (of r a d i o  magnitudes Mr and z e n i t h a l  
e l e c t r o n  l i n e  d e n s i t y  q,) of th ree  showers and of s p o r a d i c  
meteors  (based on 4 d i f f e r e n t  r a d i o  d e t e r m i n a t i o n s ) .  It i s  
ev iden t  t h a t  t h e  f a i n t  stream meteors have a lower index  t h a n  
do t h e  s p o r a d i c s  g i v i n g  r i s e  to a " f l a t t e r "  d i s t r i b u t i o n .  
There i s  a l s o  a n  i n d i c a t i o n  t h a t  t h e  b r i g h t  stream meteors  
have a l a r g e r  popu la t ion  index  ( i . e . ,  have a "steeper" d i s -  
t r i b u t i o n )  t h a n  do t h e  s p o r a d i c s .  A s  w i l l  b e  s een  i n  
S e c t i o n  I V  of t h i s  pape r ,  t h e  t r e n d  i n d i c a t e d  by  F igu re  3 
i s  r e p r e s e n t a t i v e  of t h e  mass d i s t r i b u t i o n  of  meteor  streams. 

I n  what f o l l o w s ,  an  a n a l y s i s  w i l l  be  developed t h a t  
r e l a t e s  t h e  d i s t r i b u t i o n  of t h e  shower meteors  to t h e  d i s t r i -  
b u t i o n  of  t h e  spo rad ic  background. 

111. IMPACT M E C H A N I C S  

I n  t h i s  s e c t i o n ,  we review t h e  impact mechanics used 
i n  t h e  p r e s e n t  model when two meteoro ids  c o l l i d e .  I n t e r p l a n e -  
t a r y  p a r t i c l e s  f r e q u e n t l y  c o l l i d e  w i t h  each o t h e r .  Such c o l l i -  
s i o n s  occur ,  on t h e  ave rage ,  a t  t h e  mean r e l a t i v e  v e l o c i t i e s  
between p a r t i c l e s .  S ince  t h e  r e l a t i v e  p a r t i c l e  v e l o c i t i e s  
under  d i s c u s s i o n  are o f  t h e  o r d e r  of  many k i lome te r s  p e r  s ec -  
ond, t h e  c o l l i s i o n s  w i l l  b e  i n e l a s t i c  and f ragmenta t ion  w i l l  
r e s u l t .  

r e s u l  
(1967 

Using t h e  resclts of Gaul t ,  Shoemaker and Moore (1963) 
ts based on hype rve loc i ty  exper iments  i n  basa l t ,  Dohnanyi 
, 1968)  has d i scussed  some o f  t h e  c o l l e c t i v e  dynamical 

p r o p e r t i e s  of p a r t i c l e  popu la t ions  undergoing c o l l i s i o n s  a t  
s e v e r a l  km/sec. S p h e r i c a l  p a r t i c l e s  of  uniform material  pro-  
p e r t i e s  w i l l  be  assumed throughout ,  It w i l l  a l s o  be assumed 
t h a t  a l l  c o l l i s i o n s  occur  a t  a n  average  c o l l i s i o n a l  v e l o c i t y .  

L e t  two o b j e c t s ,  having  masses M1 and M 2 ,  r e s p e c t i v e -  
l y ,  c o l l i d e  w i t h  each  o t h e r  a t  a v e l o c i t y  of s e v e r a l  km/sec. 
L e t  M <M to be s p e c i f i c  and one o f  two s i t u a t i o n s  w i l l  r e s u l t :  
(1) M1 w i l l  c r e a t e  a c r a t e r  i n  M2, or ( 2 )  M1 w i l l  c a t a s t roph-  
i c a l l y  break up M 2 .  

M2 behaves as a s e m i - i n f i n i t e  (Dohnanyi, 1967, 1968) t a r g e t .  
The mass o f  d e b r i s  Me c r a t e r e d  o u t  by  M1 i s  t h e n  

1 2  

It w i l l  b e  assumed f o r  t h e  f i rs t  case  t h a t  

Me = I'Ml 
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where I' i s  a nondimensional c o n s t a n t  depending only  on t h e  
p a r t i c l e  material p r o p e r t i e s  and on t h e  speed o f  impac t ,  

( 7 )  2 r = 5v 

where v i s  t h e  impact  v e l o c i t y  i n  Km/sec. 

Gaul t  e t  a1 (1963) f o r  basalt t a r g e t s  i n  an  impact energy 
4 range  o f  1 0  j o u l e s  to 1 0  j o u l e s ,  approximate ly .  

Equat ion  7 i s  a rough f i t  to exper imenta l  data by 

The mass M2 t h a t  can be c a t a s t r o p h i c a l l y  d i s r u p t e d  
by M1 i s  

where r '  i s  not  a f u n c t i o n  o f  mass. The  va lue  of r '  i s  un- 
c e r t a i n  bu t  f o r  a l i m i t e d  number of experiments  on basa l t ,  
Moore and Gaul t  (1965) ob ta ined  a va lue  o f  

r f  = 50r ( 9 )  

The e j e c t a  produced dur ing  c r a t e r i n g  and c a t a s t r o p h i c  
even t s  w i l l  have a c e r t a i n  mass d i s t r i b u t i o n .  T h i s  d i s t r i b u -  
t i o n  may vary  from event  to event  b u t  on t h e  average  i t  w i l l  be 
t aken  as (Dohnanyi, 1967, 1968) 

g(m,M1,M2)dm = C(M1,M2)m-' d m  

where g(m,M1,M2)dm i s  t h e  number o f  e j e c t e d  fragments  5-11 t h e  

mass range  m to m+dm produced when an  o b j e c t  of' mass M1 impact- 
ed M2.  

i n  t h e  l a b o r a t o r y  (Gaul t  e t  a l ,  1963) ;  f o r  basalt  t h e  va lue  o f  
the index  T-I i s  

E j e c t a  d i s t r i b u t i o n s  of t h e  form eq-10 have been obta ined  

= 1.8 (11) 
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We take t h e  mass o f  t he  largest fragment I!!$ to be p r o p o r t i o n a l  
t o  the " p r o j e c t i l e "  mass MI 

Experimental  data (Gaul t  e t  a l ,  1963)  i n d i c a t e  t h a t  

A = r/10 (13) 

Using eq-8, 1 0 ,  and 1 2  w e  can d e f i n e  C(M1,M2) by ob- 
s e r v i n g  tha t  

,/ g(m,M1M2)m d m  = Me 
J 
1-I 

where 1-1 i s  t h e  smallest fragment produced and i s  i n  t h e  sub- 
micron range  (Gaul t  and H e i t o v i t ) .  

Eva lua t ing  eq-14, w e  o b t a i n  for e r o s i v e  c o l l i s i o n s  

C(M1,M2)  = (2-q)rAn-2N1q-1, I"M1 M2 

and f o r  c a t a s t r o p h i c  c o l l i s i o n s  

- n 

When eq-15 and 11 are combined w i t h  eq-10, t h e  mathe- 
m a t i c a l  d e s c r i p t i o n  of t h e  comminution p rocess  f o r  i n d i v i d u a l  
even t s  i s  complete.  
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I V .  ASYMPTOTIC FORM OF METEOR SHOWER DISTRIBUTIONS 

It i s  g e n e r a l l y  surmised  ( s e e ,  e . g . ,  P lavec ,  1956)  
t h a t  meteor  showers are d ispersed  by p l a n e t a r y  p e r t u r b a t i o n s  
i n t o  u n c o r r e l a t e d  o r b i t s ,  t h e r e b y  t h e y  g i v e  r i s e  to t h e  spo- 
r a d i c  meteoroid d i s t r i b u t i o n .  I n  t h i s  s e c t i o n ,  w e  sha l l  prove 
that  t h e  d i s t r i b u t i o n  o f  spo rad ic  meteoro ids  i s  indeed  u n s t a b l e  
because of  mutual  i n e l a s t i c  c o l l i s i o n s  r e s u l t i n g  i n  p a r t i c l e  
e r o s i o n  and c a t a s t r o p h i c  breakups .  I n  o t h e r  words, w e  s h a l l  
show tha t  t h e  p r e s e n t  d i s t r i b u t i o n  of  spo rad ic  meteoro ids  i s  
e i t h e r  r a p i d l y  changing i n  t i m e  o r  i t  i s  fed  by a source  func-  
t i o n  r e p l e n i s h i n g  p a r t i c l e s  over  t h e  e n t i r e  spectrum of  masses 
p r e s e n t  i n  t h e  d i s t r i b u t i o n .  Thus, i f  w e  assume tha t  t h e  p r e -  
s e n t  d i s t r i b u t i o n  of  spo rad ic  meteoro ids  i s  unchanging, i . e . ,  
has reached  s teady  s t a t e  cond i t ions  t h e n  t h e  sou rce  f u n c t i o n  
t h a t  would make s t e a d y  s t a t e  cond i t ions  p h y s i c a l l y  p o s s i b l e  
can be  c a l c u l a t e d .  Such a source  f u n c t i o n  can then  b e  i d e n t i -  
f i e d  w i t h  t h e  g r a v i t a t i o n a l  dispersal  of  shower meteoro ids  i n  
suppor t  o f  t h e  theory  t h a t  t h e  meteor  streams do indeed  feed 
t h e  spo rad ic  background. 

A .  I n s t a b i l i t y  o f  t h e  d i s t r i b u t i o n  of  Sporadic  Meteoroids 

The popu la t ion  o f  meteoro ids  i s  s u b j e c t e d  to f r equen t  
i n t e r p a r t i c l e  c o l l i s i o n s .  S ince  these c o l l i s i o n s  are i n e l a s t i c ,  
t h e  t a r g e t  p a r t i c l e s  may e i t h e r  l o s e  some o f  t h e i r  mass ( e r o s i v e  
c o l l i s i o n )  o r  be completely broken up ( c a t a s t r o p h i c  c o l l i s i o n s ) .  
The n e t  r e s u l t  i s  a change i n  t h e  d i s t r i b u t i o n .  

The equa t ion  tha t  expres ses  t h e  dependence of  t h e  pop- 
u l a t i o n  on c o l l i s i o n s  can be  w r i t t e n  as 

a f ( m , t )  
a t  dm I c a t a s t r o p h i c  t 

a f ( m , t )  d m  = a f ( m , t )  a t  
dmleros ion  t a t  

c o l l i s i o n s  

a f ( m , t )  
a t  dm I c r e a t i o n  by 

t 

fragment at i o n  
(17) 

where f ( m , t ) d m  i s  t h e  p a r t i c l e  number d e n s i t y  f u n c t i o n ,  i . e . ,  
t he  number of  p a r t i c l e s  pe r  u n i t  volume of  space  i n  t h e  mass 
range  m to m+dm. The number of  p a r t i c l e s  p e r  u n i t  volume ( i n  
t h e  mass range  m to m+dm)  changes because of  e r o s i v e  c o l l i s i o n s ,  
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c a t a s t r o p h i c  c o l l i s i o n s  and p a r t i c l e  c r e a t i o n  because t h e  
e r o s i v e  and c a t a s t r o p h i c  c r u s h i n g  of larger o b j e c t s  give 
r ise to f ragments  i n  t h i s  mass range .  Dohnanyi (1968) d i s -  
cussed some o f  t h e  p r o p e r t i e s  of t h i s  e q u a t i o n  (eq-17);  i t  
w a s  found t h a t  s o l u t i o n s  having  a p o p u l a t i o n  index  a>11/6, 
t h e  p o p u l a t i o n  i s  u n s t a b l e  because o f  a r e l a t i v e  over- 
abundance o f  s m a l l  p a r t i c l e s  and r e l a t i v e  p a u c i t y  of l a r g e r  
ones .  The larger number of s m a l l  p a r t i c l e s  causes  a s t r o n g  
i n c r e a s e  i n  t h e  e r o s i v e  ra te  ( a f / a t  dm e r o s i o n )  as w e l l  as 
i n  t h e  rate o f  c a t a s t r o p h i c  c o l l i s i o n s  ( a f / a t  d m  c a t a s t r o p h i c  
c o l l i s i o n )  r e l a t ive  t h e  p a r t i c l e  c r e a t i o n  r a t e  ( a f / a t  dm c re -  
a t i o n ) ;  t h u s  many more p a r t i c l e s  are lost from a g iven  mass 
range t h a n  are r e p l a c e d  by  p a r t i c l e  c r e a t i o n .  The rate of 
p a r t i c l e  c r e a t i o n  i s  t h e r e f o r e  s e e n  to dec rease  w i t h  i n c r e a s -  
i n g  p o p u l a t i o n  index  (keeping o t h e r  parameters  c o n s t a n t )  
because t h e  r e l a t i v e  number of  l a r g e r  p a r t i c l e s  (which c o n t r i -  
b u t e  to t h i s  t e r m )  dec reases  w i t h  i n c r e a s i n g  p o p u l a t i o n  index .  
These r e s u l t s  were d e r i v e d  u s i n g  t h e  model c rush ing  l a w ,  
eq-15 and 1 6 ,  based on exper iment .  

I n  view, however, of t h e  c r u c i a l  importance o f  s ta-  
b i l i t y  c o n s i d e r a t i o n s  i n  t h i s  pape r ,  I s h a l l  p r e s e n t l y  prove 
a s t r o n g e r  r e s u l t ,  which i s  independent of any p a r t i c u l a r  
c rush ing  theorem: 

THEOREM-I: Given a popu la t ion  index  t y p e  d i s t r i -  
b u t i o n ,  of t h e  type  eq-4 which undergoes i n e l a s t i c  
c o l l i s i o n a l  p r o c e s s e s  d e s c r i b e d  b y  eq-17. The 
p h y s i c a l  parameters r ,  r ’  and <v>  are fur thermore  
t aken  to be  independent  of t h e  p a r t i c l e  masses. 
It t h e n  fo l lows  t h a t  i f  t h e  index  ~11’6, t h e  pop- 
u l a t i o n  i s  u n s t a b l e  and w i l l  decay i n  t i m e  regard-  
l ess  o f  what c rush ing  l a w  governs t h e  r e d i s t r i b u t i o n  
of  p a r t i c u l a t e  f ragments  c r e a t e d  d u r i n g  e r o s i o n  and 
c a t a s t r o p h i c  c o l l i s i o n s .  

Proof f o r  C a t a s t r o p h i c  C o l l i s i o n s  

F i r s t ,  w e  estimate t h e  t o t a l  amount of mass crushed 
c a t a s t r o p h i c a l l y  from o b j e c t s  i n  t he  a r b i t r a r y  ,bu t  f i n i t e  mass 
range  m to m p e r  u n i t  t i m e  and u n i t  volume, M(ml ,m2) .  S ince  
t h e  number of  p a r t i c l e s  i n  t h e  mass range m to m+dm i s  f(m)dm, 
the  geomet r i ca l  c o l l i s i o n  c r o s s  s e c t i o n  of  two p a r t i c l e s  w i t h  

masses m and PI i s  
material d e n s i t y ;  t h e n ,  c l e a r l y ,  

1 2 

(m1’3+M1’3)2 where p i s  t h e  
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where the expression in the square brackets is the number of 
objects destroyed by catastrophic collisions per unit time and 
unit volume in a mass range of m to mtdm (cf. Dohnanyi, 1967, 
1968). Multiplying the number of catastrophic collisions per 
unit time and unit volume by the mass removed during each col- 
lision and integrat3ng over appropriate limits gives us the 
desired expression M(ml,m2). 

The constant K is defined as: 

K = <v>. 

We now substitute a number density function of the 
type eq-4 into eq-18 and obtain, for a#11/6. 

a-l bl-2atll/3 -m2 -2a+11/3 
k(m,,m,) = - A2K(I") 

(3-1 -2a + 11/3 

where grazing collisions have been disregarded, and where 
ml,m2 <<  Moo and use has been made of the fact that a>5/3 for 
our present purposes (otherwise terms involving Moo may domi- 
nate expression 201, 

If a=11/6, the expression for fi(ml,m2) (eq-20) be- 
comes logarithmic in m2/ml, as can easily be shown. 

We shall presently estimate the lower limit of the 
total mass actually lost to the interval ml to m2 (per unit 
time and unit volume of ?pace) due to catastrophic crushing, 
L(ml,m2). The quantity M(m j rn  1 2  is the total mass being crushed 
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from o b j e c t s  i n  t he  mass range  ml t o  m2 per u n i t  t i m e  and 
volume. Some of the  fragments  may, hgwever, b e  r e d i s t r i -  
bu ted  i n  t h i s  same i n t e r v a l ,  s o  that  M(ml,m2) does not  
n e c e s s a r i l y  r e p r e s e n t  t he  ra te  o f  m a s s  l o s s  from the  i n t e r -  
v a l .  To b e  s p e c i f i c ,  suppose that t h e  mass o f  t h e  la rges t  
fragment i s  E M  when the  mass i s  d i s r u p t e d  c a t a s t r o p h i c a l l y  
by a smaller o b j e c t , +  and E i s  some number less t h a n  one. 
Then c l e a r l y ,  a l l  t he  mass c a t a s t r o p h i c a l l y  crushed i n  t h e  
mass range  m to m/E: w i l l  be lost from t h i s  
hence : 

We now estimate t h e  t o t a l  amount 

i n t e r v a l  and 

- > m l / E  

o f  mass crushed  
p e r  u n i t  t i m e  and u n i t  volume from t h e  e n t i r e  d i s t r i b u t i o n  
of p a r t i c l e s  w i t h  masses g r e a t e r  t h a n  m 2 ,  i . e . ,  t h e  q u a n t i t y  
6 ( m 2  , M m )  

C l e a r l y ,  t h e  t o t a l  amount of  mass crushed  and l o s t  
from the  i n t e r v a l  m2 t o  M, i s  less t h a n  I?(m2,M,): 

and hence 

*It can be shown t h a t ,  f o r  popu la t ions  o f  o u r  p r e s e n t  
i n t e r e s t  (011/6), t he  c o l l i s i o n s  of  a mass M w i t h  masses 
equa l  t o  o r  g r e a t e r  t h a n  M c o n t r i b u t e  n e g l i g i b l y  to t h e  
b racke ted  e x p r e s s i o n  i n  eq-18. For example, i f  a=11/6, t h e  

mentioned c o n t r i b u t i o n  i s  of  t h e  o r d e r  of  of one p e r  
c e n t .  
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The r i g h t  hand s i d e  of t h e  above i n e q u a l i t y  can be 
e a s i l y  e v a l u a t e d  u s i n g  eq-20: 

provided  t h a t ,  

m > m l / E  2 -  

2 M >> m m 

The r a t i o  R i n  eq-24 i s  seen  to b e  less  t h a n  one for 
a l l  cases  s u b j e c t  to t h e  cond i t ions  i n  eq-25. It t h e r e f o r e  
follows t h a t  more mass i s  l o s t  (because  of  c a t a s t r o p h i c  crush-  
i n g )  from any a r b i t r a r y  i n t e r v a l  ml t o  m 2 ,  m2>ml /c  t h a n  can 
p o s s i b l y  be r e d i s t r i b u t e d  from t h e  e n t i r e  popu la t ion  ( w i t h  
masses g r e a t e r  t h a n  m 2 )  i n t o  t h i s  mass r ange .  
t h e  proof f o r  THEOREM I f o r  c a t a s t r o p h i c  p rocesses .  We 
t h e r e f o r e  conclude t h a t  a p a r t i c l e  d i s t r i b u t i o n ,  having  phy- 
s i c a l  parameters  T I ,  E which are n o t  f u n c t i o n s  of  t h e  c o l l i d i n g  
masses and a popu la t ion  index ,  a>11/6, i s  u n s t a b l e  under  t h e  
i n f l u e n c e  of c a t a s t r o p h i c  c o l l i s i o n s .  T h i s  fo l lows  because f o r  
such a s y s t e m  of  p a r t i c l e s  more mass i s  lost from any a r b i t r a r y  
mass range  t h a n  can be  c r e a t e d  by t h e  e n t i r e  d i s t r i b u t i o n  of 
l a r g e r  masses. T h e  r e s u l t  i s  fur thermore  seen  t o  b e  t h e  r e s u l t  
of t h e  conse rva t ion  of mass only  and does i n  no way depend on 
any p a r t i c u l a r  communication p r o c e s s .  The conc lus ion  i s  
t h e r e f o r e  seen  to be  g e n e r a l  (i.e., model independent ) .  THEOREM 
I can a l s o  b e  proven f o r  e r o s i v e  p rocesses ;  t h i s  i s  done i n  
Appendix A .  

T h i s  completes 

It t h e r e f o r e  fo l lows  t h a t ,  i f  r ,  r '  and E are  con- 
s t a n t s ,  t h e  popu la t ion  having an  index  ~ 1 1 / 6  i s  no t  s table  
'7ecause mass cannot  be  conserved.  Thus, i f  t h e  spo rad ic  
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meteoroid d i s t r i b u t i o n  can be c h a r a c t e r i z e d  by  t h e  approxi -  
mate ly  mass independent  se t  of pa rame te r s ,  r ,  r '  and E%A/rl, 
the  d i s t r i b u t i o n  i s  u n s t a b l e .  

We s h a l l  assume t h a t  w e  are no t  expe r i enc ing  a par -  
t i c u l a r  form o f  a fast  decaying t r a n s i e n t  d i s t r i b u t i o n  of  
s p o r a d i c  meteors .  We sha l l  take t h e  a l t e r n a t e  view, that  a 
source  f u n c t i o n  keeps " feeding"  t h e  s p o r a d i c  meteoro id  d i s t r i -  
b u t i o n  i n  such  a manner t h a t  a s t e a d y  s ta te  s i t u a t i o n  e x i s t s  
and has e x i s t e d  f o r  some t i m e .  W e  now t u r n  our a t t e n t i o n  t o  
c a l c u l a t i n g  t h e  p r e c i s e  form of t h e  sou rce  f u n c t i o n  which i s  
r e q u i r e d  t o  ma in ta in  t h e  s p o r a d i c  meteoroid d i s t r i b u t i o n .  

B .  Asymptotic Form O f  I n i t i a l  Stream D i s t r i b u t i o n s  

We sha l l  p r e s e n t l y  estimate t h e  form of  t h e  source  
f u n c t i o n  which i s  r e q u i r e d  to main ta in  t h e  popu la t ion  of 
s p o r a d i c  meteoroids  i n  a s teady s t a t e .  We need to add a 
source  f u n c t i o n  S ( m ) d m  to t h e  r i g h t  hand side of  eq-17 and 
set  t h e  l e f t  hand s ide  e q u a l  to ze ro .  E x p l i c i t y  e x p r e s s i n g  
the i n d i v i d u a l  terms i n  t h e  equa t ion  w i l l  t h e n  enab le  us  t o  
s o l v e  f o r  t he  source  f u n c t i o n .  

W e  w r i t e  t h e r e f o r e :  

and 

f ( m , t )  = f ( m >  

Before  w r i t i n g  t h e  e x p l i c i t  e x p r e s s i o n  for eq-17 
w i t h  a sou rce  f u n c t i o n  i n c l u d e d ,  w e  no te  some s i m p l i f i c a t i o n s  
which are i n  o r d e r .  The popu la t ion  index  a f o r  s p o r a d i c  
meteoro ids  i n  a mass range  of our f u t u r e  i n t e r e s t  i s  i n  t h e  
neighborhood of 2 < a < 7/3. Dohnanyi (1968) has shown t h a t  
f o r  a > 11/6,  t h e  i n f l u e n c e  of  t h e  p a r t i c l e  c r e a t i o n  t e r m  due 
t o  f r agmen ta t ion  a f ( m ) / a t  i s  small i n  comparison w i t h  

t h e  o t h e r  t e r m s  of eq-17. S p e c i f i c a l l y ,  as a approaches 2 ,  
t h i s  t e r m  becomes less  t h a n  10% o f  t h e  o t h e r  t e r m s  and it can 
be whown that  a f ( m ) / a t  becomes even smaller i n  com- 
p a r i s o n  w i t h  t h e  o t h e r  terms for h i g h e r  v a l u e s  of a .  W e  
t h e r e f o r e  d i s regard  a f  ( m ) / a t  from eq-17, wi thout  l o s s  
i n  accuracy ,  i n  our p r e s e n t  d i s c u s s i o n .  

I 

1 
I 

We t h e r e f o r e  can w r i t e  f o r  t he  source  f u n c t i o n ,  
t r i v i a l l y ,  
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S(m)dm = a t  dmlerosion - a f ( m )  a t  dmlea ta s t roph ic  
c o l l i s i o n s  

Dohnanyi (1967, 1968) d e r i v e d  e x p l i c i t  e x p r e s s i o n s  
f o r  t h e  terms on t h e  r i g h t  hand side of eq-28. The r e s u l t  i s :  

and 

= - k f ( m )  f ( M ) d M ( m  1/3+M1/3)2 (30)  I c a t a s t r o p h i c  
c o l l i s i o n  

where & i s  g iven  by eq-25. 

f ( m ) i  i s  t h e  " f l u x  of  masses" ( i n  a phase space  of f ( m )  v s .  m) 
p a s t  a g iven  va lue  of m y  analogous t o  t h e  flow of f l u i d s  i n  
rea l  space .  The n e t  accumulat ion o r  loss due to e r o s i o n  i n  
t he  number of o b j e c t s  i n  t h e  mass range m to m+dm i s  t h e n  t h e  
nega;ive d ive rgence ,  w i t h  r e s p e c t  to mass, of t h e  " f lux"  term 
f ( m ) m ,  as g iven  i n  eq-29. 

It can b e  s e e n  t h a t  eq-29 i s  r e a s o n a b l e ,  because 

Equat ion 30 i s  s e e n  to be t h e  b racke ted  e x p r e s s i o n  
on t h e  r i g h t  hand s ide  of eq-18 and has been d i s c u s s e d  i n  t h e  
t e x t  accompanying t h a t  equa t ion .  

Minimum Model 

Using a d e n s i t y  f u n c t i o n  f ( m )  g iven  by  eq-4, w e  ob- 
t a i n  f o r  01=2! 
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i s  t h e  c o n t r i b u t i o n  to e r o s i o n  by s m a l l  p a r t i c l e s  w i t h  masses 
i n  t h e  range  v o  to 1-1. Eq-31 i s  v a l i d  f o r  masses 

i . e . ,  f o r  masses t h a t  are equa l  to or greater t h a n  t h e  l a r g e s t  
mass c a t a s t r o p h i c a l l y  d i s r u p t e d  by a p a r t i c l e  of  mass 1-1. For 
smaller masses, i . e . ,  f o r  m < r l p  a more complicated r e l a t i o n  
than  eq-31 applies,  s i n c e  i n  t h i s  case  t h e  d i s t r i b u t i o n  o f  m i -  
c r o p a r t i c l e s  w i t h  masses less  than  1-1 can produce c a t a s t r o p h i c  
d i s r u p t i o n s  of  our  " tes t  p a r t i c l e s "  w i t h  masses m. It w i l l  b e  
shown l a t e r ,  t h a t  a v a i l a b l e  informat ion  on meteor shower d i s -  
t r i b u t i o n s  i s  f o r  masses g r e a t e r  t h a n  l " p  and w e  s h a l l  not 
p r e s e n t l y  concern o u r s e l v e s  w i t h  t h e  dynamics of p a r t i c l e s  
smaller t h a n  r l p .  

The f i r s t  te rm on t h e  r i g h t  hand s i d e  of eq-31 i s  t h e  
ra te  of change p e r  u n i t  t i m e  and u n i t  volume i n  t h e  number of 
p a r t i c l e s  i n  t he  mass range m to m+dm due to e r o s i o n ,  t h e  second 
expres s ion  i s  t h e  analogous r a t e  due to c a t a s t r o p h i c  c o l l i s i o n s .  
It can be  seen  t h a t  t h e  e r o s i o n  t e r m  i n c r e a s e s  i n d e f i n i t e l y  as 
Rn(m/T1u) f o r  large masses i n  comparison w i t h  t h e  c a t a s t r o p h i c  
c o l l l s i o n  t e r m .  For r e l a t i v e l y  small masses ( m  % r ' p ) ,  however, 
t h e  c a t a s t r o p h i c  c o l l i s i o n  t e r m  i s  of t he  o r d e r  o f  I"/2I'=25 
t i m e s  g r e a t e r  t han  t h e  e r o s i o n  t e r m .  The two terms e q u a l  f o r  
masses of  about  m % 3xlOl2Yfp. Our i n t e r e s t  w i l l  b e  conf ined  to 
masses cons iderably  smaller than  3 ~ 1 O ~ ~ I ' ' p  (which i s  o f  t h e  o r d e r  
of  many t o n s ) ,  and t h e r e f o r e  i n  our  mass range  of i n t e r e s t  ca t a -  
s t r o p h i c  c o l l i s i o n s  w i l l  dominate f o r  popu la t ions  w i t h  a=2.  
Erosion p l a y s  a minor b u t  non-negl ig ib le  r o l e .  The loga r i thmic  
t e r m  i n  eq-31 i s  so  s lowly va ry ing  t h a t  w e  can r e p l a c e  i t  by a 
cons t an t  over  any reasonable  mass range.  

One may t h e r e f o r e  w r i t e :  

-713 dm S ( m ) d m  = c o n s t a n t  m (34)  

provided  tha t  

a = 2  
(35)  
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Equat ion 34 t e l l s  us t h e  important  r e s u l t  t h a t  i n  
o r d e r  to mainta in  i n  a s t eady  s ta te  a popu la t ion  w i t h  index  
a=2 w e  must have a source  f u n c t i o n  i n j e c t i n g  p a r t i c l e s  i n t o  
t he  popu la t ion  w i t h  an index of 7 / 3 .  

It t h e r e f o r e  fo l lows  t h a t  meteor streams, i f  i n i -  
t i a l l y  c r e a t e d  w i t h  an index 7 / 3  f o r  masses greater  t h a n  T ? u ,  
provide an adequate  mechanism for main ta in ing  the sporad ic  
backgrounds through the  d i s p e r s a l  o f  s t ream meteors by  plane-  
t a r y  p e r t u r b a t i o n s .  Conversely,  i f  w e  knew d e f i n i t e l y  t ha t  
t h e  spo rad ic  popu la t ion  has an  index  a = 2 ,  w e  would expec t  
meteor streams to have an i n i t i a l  d i s t r i b u t i o n  w i t h  index 
a = 7 / 3 .  

Maximum Model 

The expres s ion  for t h e  source  f u n c t i o n  can eas i ly  be 
ob ta ined  when a = 7 / 3 .  Using eq-4 and eq-28, 2 9  and 30 one 
o b t a i n s  : 

S ( m ) d m  = 

where 
m > r T p  

and where t h e  f i r s t  t e r m  i s  t h e  c o n t r i b u t i o n  of  c a t a s t r o p h i c  
c o l l i s i o n s  and t h e  second t e r m  i s  t h e  c o n t r i b u t i o n  o f  e r o s i o n .  
The cons t an t  C i s  t h e  c o n t r i b u t i o n  t o  t h e  e r o s i o n  t e r m  of m i -  
c r o p a r t i c l e s  w i t h  masses i n  t h e  range uo to u .  

It can be  seen  tha t  t h e  l as t  expres s ion  i n  t h e  e r o s i o n  
t e r m  ( i n s i d e  t h e  square  b r a c k e t )  becomes n e g l i g i b l e  f o r  l a r g e  
masses. T h i s  i s  to be expected s i n c e  f o r  large enough masses 
t h e  e r o s i o n  ra te  of  popu la t ions  w i t h  index  a>2  should be  domi- 
na t ed  by  c o l l i s i o n s  w i t h  s m a l l  , p a r t i c l e s .  The mass e r o s i o n  
rate of  an i n d i v i d u a l  o b j e c t ,  m ( i n  eq-25) i s  t h e n  d i r e c t l y  
p r o p o r t i o n a l  t o  m 2 / 3  g i v i n g  r i s e  to a so -ca l l ed  ' ' l inear  e r o s i o n  
rate" where t h e  rate of  change o f  t h e  p a r t i c l e  r a d i u s  i s  con- 
s t a n t ,  i . e . ,  d/dt(m "3) = cons tan t .  
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A comparison between the  c a t a s t r o p h i c  c o l l i s i o n  te rm 
and e r o s i o n  t e r m  on the r i g h t  hand s ide  o f  eq-36 i n d i c a t e s  t h a t ,  
f o r  a=7/3 ,  t h e s e  two terms are equal when t h e  mass m 2 150rtp 
which i s  of' the  o r d e r  of mi l l i g rams .  For smaller p a r t i c l e s ,  
c a t a s t r o p h i c  c o l l i s i o n s  are more important  t h a n  e r o s i o n ;  when 
m = r f p ,  the  e r o s i o n  t e r m  i s  only about  14% of  t h e  c a t a s t r o p h i c  
c o l l i s i o n  term. For masses m 150r'p t h e  e r o s i o n  te rm be- 
comes g r e a t e r  t h a n  t h e  c a t a s t r o p h i c  c o l l i s i o n  te rm and even- 
t u a l l y  dominates .  

Thus, i f  w e  f o r c e  S ( m ) d m  t o  be a popu la t ion  index type  
f u n c t i o n ,  w i t h  

S ( m ) d m  % S(1) rn-'dm (37) 

we have,  f o r  01=7/3, 

(38 )  'L u ,,, 201-5/3 = 3 f o r  small masses,  m < <  150r'v 

and 

(39) 'L u ,,, 01 t 1/3 = 8/3 f o r  l a r g e r  masses,  m > >  150I"p 

For masses o f  t h e  o rde r  of 1 5 0 r ' ~  we have: 

It t h e r e f o r e  f o l l o w s  t h a t  an i n i t i a l  stream meteoroid 
d i s t r i b u t i o n  o f  t h e  type  eq-38, 39 and 40 i s  r e q u i r e d  t o  main- 
t a i n  a s p o r a d i c  d i s t r i b u t i o n  w i t h  an index of 7/3. 

C .  Asymptotic Form O f  Steady State St ream D i s t r i b u t i o n s  

When a meteor stream i s  c r e a t e d ,  i t  has a c e r t a i n  i n i -  
t i a l  d i s t r i b u t i o n .  Po r t ions  of t h i s  d i s t r i b u t i o n  w i l l  exper ience  
p l a n e t a r y  p e r t u r b a t i o n s  and be randomly s c a t t e r e d  t o  j o i n  t h e  spo- 
r a d i c  environment .  The d i s t r i b u t i o n  of p a r t i c l e s  remaining i n  t h e  
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given  stream h ( m , t ) d m  w i l l  evolve  i n  t i m e  because of c o l l i -  
s i o n a l  p rocesses .  C o l l i s i o n s  between t h e  stream p a r t i c l e s  
themselves w i l l  be  d i s r ega rded  because of  t h e  fo l lowing  con- 
s i d e r a t i o n s ;  t h e i r  r e l a t i v e  v e l o c i t i e s  w i l l  be of  t h e  o r d e r  
of  t h e  e j e c t i o n  v e l o c i t i e s  from t h e i r  p a r e n t  comets, b e l i e v e d  
to be  l e s s  t han  a km/sec (Whipple, 1951) .  The i n i t i a l  number 
d e n s i t y  of  p a r t i c l e s  i n  a stream i s  not  known a t  t h e  p resen t  
t ime b u t  w e  s h a l l  use  obse rva t ions  made from t h e  Giacobinid 
shower to estimate t h e i r  number d e n s i t y  r e l a t i v e  to t h e  spo- 
r a d i c  environment.  S ince  t h e  Giacobinid shower has not  
appa ren t ly  been spread o u t  over  i t s  e n t i r e  o r b i t  (Love l l ,  1954) ,  
i t  i s  probably s imi l a r  to i t s  i n i t i a l  d i s t r i b u t i o n .  P a r t i c l e s  
i n  t h i s  shower have an average g e o c e n t r i c  v e l o c i t y  of about 
2 3  km/sec which i s  about 1 . 5  t i m e s  h ighe r  t h a n  i s  t h e  average 
g e o c e n t r i c  v e l o c i t y  of spo rad ic  meteors (17  E-). Maximum r e -  
corded rates of  t h i s  shower are of t h e  o r d e r  of 4 ,000  to 6 , 0 0 0  
v i s u a l  meteors p e r  hour (Love l l ,  1954) compared w i t h  an average 
sporad ic  r a t e  of about 1 2  meteors p e r  hour .  The Giacobinid p a r -  
t i c l e s  t h e r e f o r e  have a number d e n s i t y  o f  about - - 1 2  1.5 
t imes t h e  number d e n s i t y  of  spo rad ic  meteors ( i n  t h e  v i s u a l  
r a n g e ) .  T h e i r  r e l a t i v e  v e l o c i t i e s  are ,  however, o f  t h e  o r d e r  
of . 5  km/sec. Therefore ,  t he  f l u x  of  Giacobinid p a r t i c l e s  re- 
l a t i v e  each o t h e r  i s  about 34 times lower than  i s  t h e  f l u x  o f  
spo rad ic  meteors because o f  t h e  d i f f e r e n t  r e l a t i v e  v e l o c i t i e s  
( i . e . ,  i f  t h e  sporad ic s  had t h e  same number d e n s i t y ) .  The i n -  
f l uence  of c o l l i s i o n s ,  however, i s  even g r e a t e r  s i n c e  t h e  
parameters r ,  I" s c a l e  w i t h  k i n e t i c  energy,  ? . e . ,  w i t h  t h e  
square  of  t h e  encounter  v e l o c i t y .  Hence, va lues  of I?, r 1  
should be s c a l e d  down by a f a c t o r  of ( = from similar 
va lues  f o r  spo rad ic  meteors .  Combining these two f a c t o r s ,  w e  
o b t a i n  t h e  r e s u l t  t h a t  c o l l i s i o n a l  rates f o r  t h e  Giacobinid 
p a r t i c l e s  between each o t h e r  should be about 10-3/34 ? 3 x 1 0 ~ ~  
t imes s lower than  would be t h e  case  w i t h  spo rad ic  meteors a t  
t h e  same number d e n s i t i e s .  S ince  t h e  c o l l i s i o n a l  rates are 
a l s o  p r o p o r t i o n a l  to t h e  number d e n s i t i e s ,  t h e  se l f  d e s t r u c -  
t i o n  r a t e  of a "stream cloud" l i k e  t h e  Giocabinids  w i l l  be  

300 x 3 x lom2 t imes t h e  i n f l u e n c e  of t h e  spo rad ic  
environment. T h i s  o r d e r  of magnitude argument may be  inaccu- 
ra te  inasmuch as much h ighe r  p a r t i c l e  d e n s i t i e s  may i n i t i a l l y  
e x i s t  i n  new meteor s t reams t h a n  w e  have cons idered .  The 
va r ious  l i f e  times w e  s h a l l  o b t a i n  w i l l  t h e r e f o r e  be upper 
l i m i t s .  

k m  

5 0 0 0  1 : 300 

3-@ 



BELLCOMM, I N C .  - 20 - 

c l e s  w i t h  
stream m e  
b y  eq-17. 

Thus, c o n s i d e r i n g  the i n t e r a c t i o n  of  stream p a r t i -  
spo rad ic  meteoroids ,  w e  have a s i t u a t i o n  where 

t e o r s  w i l l  undergo c o l l i s i o n a l  p rocesses  d e s c r i b e d  
A f i n a l  s t eady  s t a t e  will be reached when frag- 

ments o f  t h e  stream p a r t i c l e s  i n  a g iven  mass range  w i l l  be 
c r e a t e d  a t  t h e  same ra te  as p a r t i c l e s  are removed by c o l l i -  
s i o n a l  processes  from t h e  same mass range.  

Thus, i f  h(m,T)dm i s  t h e  number o f  stream p a r t i c l e s  
p e r  u n i t  volume a t  a t i m e  T i n  a range m t o  m+dm, and i f  T i s  
much longe r  than  a c e r t a i n  l i f e  t i m e ,  w e  have: 

1 c a t a s t r o p h i c  ah(m,T)  = o =  ah(m,T) t a t  a t  l e ros ion  
c o l l i s i o n s  

I c r e a t i o n  by + 
fragment a t  i o n  

A n t i c i p a t i n g  our r e s u l t s ,  w e  can d i s r e g a r d  t h e  e r o -  
s i o n  t e r m  i n  eq-41 s i n c e  shower mass d i s t r i b u t i o n s  f o r  small 
p a r t i c l e s  t e n d  t o  have a lower index  than  t h e  spo rad ic  f l u x ,  
s p e c i f i c a l l y  i f  t h e y  t end  t o  have an index o f  about 1 . 8 .  

Taking 

h ( m , T ) d m  = H m-' d m ,  

one o b t a i n s  t h e  fo l lowing  se t  of  r e l a t i o n s  

Ch (m,  T )  
a 1 e r o s i o n  am 

- - - -  

where $ i s  g iven  by equa t ion  A - 1  i n  t h e  Appendix, 

-a+5/3 a-1 m 
a-1 = - h ( m , T ) K A T "  1 c a t a s t r o p h i c  

(43) 

( 4 4 )  
c o l l i s i o n s  
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and 

Equat ion 45 i s  t h e  r e s u l t  o f  t h e  model c rush ing  l a w  
assumed i n  t h e  t e x t  (eq-10, 15 and 1 6 ) ;  and can be  seen  to be  

1'3 1'3)2 dMl,dM2 i s  reasonable  because f'(M1) h(M2,T)K (M1 

t h e  " in f lux"  o f  spo rad ic  p a r t i c l e s  i n  t h e  mass range  M1 to 
Ml+dM 

M2+dM2 p e r  u n i t  t i m e  and u n i t  volume. 
t h e  number o f  f ragments  produced du r ing  each  such c o l l i s i o n  
i n  t h e  mass range  i n t o  m+dm,  t h e  r e l a t i o n  eq-45 follows. 

+M2 

i n t o  stream p a r t i c l e s  o f  masses i n  t h e  range  M2 t o  1 
Since  C(M1,M2)m-ndm i s  

Equat ion  4 1  can b e  s i m p l i f i e d  somewhat; i t  can be 
shown w i t h  some algebra,  t h a t  t h e  c a t a s t r o p h i c  te rm eq-44 i s  
g r e a t e r  t han  t h e  e r o s i o n  t e r m  eq-43 i n  t h e  r a t i o  of approxi -  
ma te ly  

S ince  f o r  a = - t h i s  r a t i o  i s  about  u n i t y  for o b j e c t s  w i t h  

masses i n  t h e  Kg range  on ly ,  and s i n c e  t h i s  r a t i o  i n c r e a s e s  
w i t h  dec reas ing  a, w e  may d i s r e g a r d  t h e  e r o s i o n  t e r m  from 
eq-41 a l t o g e t h e r .  T h i s  g i v e s  us  a reasonable  d e s c r i p t i o n  o f  
p a r t i c l e s  i n  ou r  s i z e  range  o f  i n t e r e s t  which i s  i n  the range  
of mill igrams to grams. 

3' 

A f u r t h e r  approximation can be  in t roduced  because 
i t  can b e  shown t h a t  t h e  c o n t r i b u t i o n  o f  c a t a s t r o p h i c  c o l l i -  
s i o n s  to t he  p a r t i c l e  c r e a t i o n  t e r m  es-45 i s  g r e a t e r  t h a n  t h e  
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c o n t r i b u t i o n  of e r o s i v e  c o l l i s i o n s  i n  t h e  r a t i o  of  about  
r ' / r  2 50. Hence w e  sha l l  d i s r e g a r d  t h e  c o n t r i b u t i o n  o r  e ro -  
s i v e  c o l l i s i o n s  t o  eq-45. 

app ly ing  t h e  s i m p l i f i c a t i o n s  d i s c u s s e d ,  
Using eq-4, 4 1 ,  42 ,  4 4  and 45, w e  o b t a i n ,  a f t e r  

where a+o-~-5/3>0 and where g r a z i n g  c o l l i s i o n s  have n o t  been 
inc luded .  The l e f t  hand s i d e  o f  eq-46 i s  t h e  p a r t i c l e  removal 
r a t e  i n  t h e  mass range  m to m+dm because of  c a t a s t r o p h i c  co l -  
l i s i o n s  and the  r i g h t  hand s i d e  i s  t h e  p a r t i c l e  c r e a t i o n  ra te  
because of c a t a s t r o p h i c  f r agmen ta t ion  i n  t h e  same mass range .  

e x i s t  between t h e  v a r i o u s  parameters i f  a s t e a d y  s t a t e  condi- 
t i o n  e x i s t s .  It i s  sa t i s f ied ,  i d e n t i c a l l y  i f  

Equat ion 46 e x p r e s s e s  t h e  r e l a t i o n s h i p  t h a t  must 

i n  which case  eq-46 reduces  to 1=1. 
the parameters  used are: 

The only  r e s t r i c t i o n s  on 

(i) r '  >> r 
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The f i r s t  of these r e l a t i o n s  expres ses  t h e  expe r i -  
menta l ly  observed f a c t  that  the l a r g e s t  ( rock )  o b j e c t  d i s -  
rup ted  by a p r o j e c t i l e  i s  much g r e a t e r  t h a n  i s  t h e  mass 
c r a t e r e d  out by a s imilar  p r o j e c t i l e  impact ing  a s e m i - i n f i n i t e  
t a r g e t .  Condi t ion  (ii) i s  t h e  only r e s t r i c t i o n  on t h e  index 17 
of the comminution p rocess .  It can be  shown t h a t  ( c f .  eq-10) 
f o r  ~ 2 ,  most of  the crushed m a s s  i s  conta ined  i n  t h e  l a r g e r  
f ragments  bu t  f o r  n>2, p r a c t i c a l l y  a l l  of  t h e  crushed mass i s  
conta ined  i n  rock f l o u r ,  It i s  obvious t ha t  i f  t h e  crushed 
mass c o n s i s t s  of rock f l o u r ,  blown away by r a d i a t i o n  p r e s s u r e ,  
no s teady  s t a t e  popu la t ion  o f  t h e  type  under d i s c u s s i o n  can 
e x i s t .  

We t h e r e f o r e  have t h e  s i g n i f i c a n t  r e s u l t  t h a t  f o r  
a rb i t ra ry  q<2 stream p a r t i c l e s  w i l l  come to a s teady  s t a t e  
d i s t r i b u t i o n  w i t h  an index 0 given  by eq-47. Thus, 

f o r  a = 2 , (5 = 5/3 . 

These r e l a t i o n s  were de r ived  f r o m  t h e  approximate r e l a t i o n  
eq-46 where t h e  c o n t r i b u t i o n  of  e r o s i o n  eq-43 has been d i s -  
regarded .  The va lues  f o r  u i n  eq-49 a r e  t h e r e f o r e  a l s o  to 
be regarded  as approximate.  

v. APPLICATION TO PERMANENT SHOWERS 

I n  t h i s  s e c t i o n  w e  d i s c u s s  t h e  observed mass index u 
of s i x  permanent showers.  More s p e c i f i c a l l y ,  we compare t h e  
observed va lues  o f  t h e  shower mass index urn f o r  very long  and 
uo very s h o r t  shower ages f o r  given va lues  of t h e  index a o f  
t h e  spo rad ic  f l u x .  

The o b s e r v a t i o n a l  material we cons ide r  c o n s i s t s  i n  
shower mass indexes obta ined  from r a d i o  work and some obta ined  
from photographic  work. The photographic  data have been ob- 
t a i n e d  from meteor data publ i shed  by  McCrosky and Posen (1961)  
by  p r i n t i n g  out from the tape t h e  r e s p e c t i v e  shower meteors .  
The photographic  data a r e  somewhat inhomogeneous i n s o f a r  as 
t h e i r  bu lk  c o n s i s t s  i n  t h e  approximately reduced meteors  
(graphic  method, McCrosky, 1957) while  a s i g n i f i c a n t  p o r t i o n  
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of t he  shower meteors have been p r e c i s e l y  reduced by Whipple 
and J a c e h i a  (19571. While i n d i v i d u a l  meteors reduced by the 
g raph ic  method may b e  s u f f i c i e n t l y  i n  e r r o r  to b e  useless f o r  
p r e c i s e  s tudy  (McCrosky and Posen, 1961)~ t hey  should  be  ade- 
qua te  f o r  our  p r e s e n t  s t a t i s t i c a l  purposes .  The mass index  
va lues  w e  ob ta ined  are a r e s u l t  of f i t t i n g  t h e  shower mass 
d i s t r i b u t i o n  w i t h  a method which g ives  t h e  maximum l i k e l i h o o d  
estimate of t h e  mass index (Dohnanyi and Marcus, unpub l i shed) .  

The photographic  data f o r  the  Geminid and Perseid 
showers had to be d i sca rded  because t h e  type  o f  sampling 
technique  employed by McCrosky and Posen f o r  these two showers 
i s  not  s u i t a b l e  f o r  t h e  purposes o f  t h e  p r e s e n t  a n a l y s i s .  T h e  
i n v e s t i g a t o r s  were mainly i n t e r e s t e d  i n  spo rad ic  meteoroids  
and hence over a hundred Geminids have no t  been t r e a t e d  photo- 
m e t r i c a l l y  l e a v i n g  a t rea ted  sample of 70 meteors;  a s t r o n g  
sys t ema t i c  e r r o r  may t h e r e f o r e  be  p r e s e n t  i n  t h e  d i s t r i b u t i o n  
of these meteors (McCrosky, p r i v a t e  communication). The P e r -  
s e i d s  comprise a sample of 43 pho tomet r i ca l ly  t r e a t e d  meteors 
and 5 meteors have been omi t t ed .  I n  view, however, o f  t h e  
unusual  shape of t h e  mass d i s t r i b u t i o n  of these  meteors ,  an 
a d d i t i o n  of 5 b r i g h t  meteors  may s i g n i f i c a n t l y  change the  
d i s t r i b u t i o n .  

The r e s u l t s  are i n d i c a t e d  i n  F igures  4 through 8 .  
P l o t t e d  i n  t h e s e  f i g u r e s  are t h e  observed shower m a s s  i n d i c e s  
( o r d i n a t e s )  p l o t t e d  a g a i n s t  r a d i o  and photographic  magnitudes 
( a b c i s s a e ) .  Radio obse rva t ions  are l a b e l l e d  w i t h  t h e  l e t t e r  
R followed b y  t h e  r e s p e c t i v e  r e f e r e n c e  number w h i l e  photographic  
obse rva t ions  are l a b e l l e d  P and t h e  shaded area corresponds to 
t h e  v a r i a n c e  f r o m  t h e  mean v a l u e .  Probable e r r o r s  for r a d i o  
measurements a r e  not  i n d i c a t e d  s i n c e  t h e y  have not  been pub- 
l i s h e d .  

photographic  magnitudes M ob ta ined  by  Vern ian i  and Hawkins 
(1964) has been used i n  tEe f i g u r e s .  

The c a l i b r a t i o n  of r a d i o  magnitude MR i n  terms of 

The h o r i z o n t a l  l i n e s  labe l led  T%O cor responding  to 
s p o r a d i c  f l u x  popu la t ion  i n d i c e s  a = 2 ,  13/6 and 7/3, r e s p e c t -  
i v e l y  are t h e  i n i t i a l  shower mass i n d i c e s  r e q u i r e d  to mainta in  
t he  sporad ic  f l u x  at  t h e  p a r t i c u l a r  va lue  of a .  By the  i n i t i a l  
d i s t r i b u t i o n  o f  a shower w e  mean the  d i s t r i b u t i o n  at the  t i m e  
when the  r a t e  of dispersal  of i t s  mass i n t o  the sporad ic  en- 
vironment i s  the  g r e a t e s t .  It i s  a l s o  assumed tha t  the  p a r t i c l e s  
are s u f f i c i e n t l y  small  and c a t a s t r o p h i c  c o l l i s i o n s  dominate. 

The h o r i z o n t a l  l i n e s  i n  F igure  4 through 8 ,  labeled 
T>>O cor responding  to t h e  spo rad ic  meteoroid i n d i c e s  a=2 ,  13/6 
and 7/3, r e s p e c t i v e l y ,  are t h e  shower i n d i c e s  t h a t  w i l l  be  
reached a f t e r  a very long t i m e  due to t h e  d e s t r u c t i v e  a c t i o n  
of  t h e  sporad ic  f l u x  on t h e  shower popu la t ion .  A s  has been 
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d i scussed  i n  S e c t i o n  I V  o f  t h i s  pape r ,  the  stream p a r t i c l e s  
w i l l  r each  a s t e a d y  s ta te  d i s t r i b u t i o n  under the  i n f l u e n c e  
of p a r t i c l e  removal by c o l l i s i o n s  w i t h  t h e  spo rad ic  p a r t i -  
c l e s  and p a r t i c l e  c r e a t i o n  by t h e  f ragmenta t ion  of o t h e r  
stream p a r t i c l e s .  

The datum l i n e  f o r  t he  day t ime  A r i e t i d  shower i n  
t he  magnitude range .5  i M R  
pe r imen ta l  d i f f i c u l t i e s  prec luded  a more p r e c i s e  r e d u c t i o n  
of t h e  obse rva t ions  (Browne et a l ,  1956). 

2 i s  a lower l i m i t  because ex- 

I n s p e c t i o n  of  t h e  F igures  4 through 8 r e v e a l  a s y s -  
t e m a t i c  t r e n d  of t h e  shower mass i n d i c e s ,  o :  f o r  f a i n t  mete- 
ors CJ t e n d s  toward smaller  va lues  f o r  i n c r e a s i n g  MR and v i c e  
v e r s a ,  o t ends  to i n c r e a s e  w i t h  dec reas ing  magnitude. 

The  shower i n d e x o t e n d s  toward t h e  va lue  1 . 5  -t .1 
f o r  f a i n t  meteors i n  every shower cons idered  save t h e  Quad- 
r a n t i d s  which have a l o w  va lue  o f  o % 1 . 7  for f a i n t  meteors .  
The va lue  o f  o 2 1 . 5  corresponds to Ehe s t eady  s t a t e  d i s t r i -  
b u t i o n  of shower p a r t i c l e s  when t h e  sporad ic  f l u x  has an index 
of about 13/6. Conversely,  i f  t h e  sporad ic  meteoroid popu la t ion  
has an index  of 13/6 (which i s  suggested b y  t h e  evidence i n  
F igure  l), w e  may assume t h a t  t h e  f i v e  ou t  o f  t h e  s i x  showers 
cons idered  are s u f f i c i e n t l y  o l d  t h a t  t h e i r  s m a l l  p a r t i c l e s  have 
reached a s teady s t a t e  d i s t r f b u t i o n  under t h e  c o l l i s i o n a l  envi-  
ronment of t h e  s p o r a d i c  f l u x .  

For  b r i g h t  meteors ,  t h e  minimum va lue  of o reached 
b y  b r i g h t  meteors i s  about 2 . 7  f o r  t h e  A r i e t i d s ,  and Aquarids 
and Geminids. A va lue  of about 2 + .1 i s  reached b y  b r i g h t  
Aquarids,  P e r s e i d s  and Quadrantids,  It t h e r e f o r e  fo l lows  tha t  
i f  t h e  spo rad ic  f l u x  has an lndex  o f  13/6 and i f  t h e  A r i e t i d s ,  
and Aquarids and Geminids a r e  r e p r e s e n t a t i v e ,  t h e y  are s u f f i c i -  
e n t l y  young t h a t  t h e i r  b r i g h t  meteors s t i l l  have a d i s t r i b u t i o n  
similar to t h e  showers '  i n i t i a l  d i s t r i b u t i o n .  By " r ep resen ta -  
t i v e " ,  w e  mean r e p r e s e n t a t i v e  of t h e  mass d i s t r i b u t i o n  of' t h e  
source  f u n c t i o n  necessary  f o r  t h e  maintenance of  t h e  spo rad ic  
meteoroid environment.  

Assuming tha t  our  i n t e r p r e t a t i o n  of t h e  obse rva t ions  
summarized i n  F igu re  4 through 8 i s  c o r r e c t ,  w e  can e s t ab l i sh  
t h e  fo l lowing  i n f e r e n c e  r e g a r d i n g  t h e  mass index  a of t h e  
sporad ic  meteoro ids .  Br igh t  meteors  from the  A r i e t i d  (MR < % 61,  
Aquarid (MR .c % 1) and Geminid (MR < % 1) streams have the  r i g h t  
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form to main ta in  a s p o r a d i c  environment w i t h  i ndex  a=13/6 when 
t h e  b r i g h t  stream meteors  are d i s p e r s e d  by g r a v i t a t i o n a l  per -  
t u r b a t i o n s  i n t o  the  s p o r a d i c  background. W e  t h e r e f o r e  have 
demonstrated tha t  a t  m a s s  v a l u e s  cor responding  to t h e  magnitude 
range under d i s c u s s i o n  source  f u n c t i o n s  do e x i s t  which have t h e  
r i g h t  form r e q u i r e d  to main ta in  t h e  s p o r a d i c  popu la t ion .  The 
mass range under d i s c u s s i o n  can approximately b e  estimated from 
our  t e n t a t i v e  i d e n t i f i c a t i o n  of r a d i o  and photographic  magni- 
t u d e s  and t h e  corresponding mass ranges  ob ta ined  i n  t h e  McCrosky 
and Posen (1961)  meteors .  The l a t t e r  w i l l  b e  m u l t i p l i e d ,  how- 
e v e r ,  by a f a c t o r  o f  6.46 (Dohnanyi, 1966) to b r i n g  them i n t o  
agreement w i t h  t h e  more r e c e n t  Harvard m a s s  s c a l e  (Veriani,  1965) .  
The r e s u l t  i s  t h e n  tha t  6 Aquarid meteors are a s a t i s f a c t o r y  
source  f u n c t i o n  f o r  s p o r a d i c  meteors ( w i t h  index  a=13/6) for 
masses of  about 5 x lom2 grams, and t h e  Geminids would do t h e  
same f o r  s p o r a d i c s  having masses i n  t h e  neighboorhood of about 
.1 gm. To e s t i m a t e  t h e  approximate masses of A r i e t i d s  w i t h  
MR % 6 ,  w e  take an average v e l o c i t y  o f  39 Km/sec (Kashcheyev, 
e t  a l ,  1967) and assume t h a t  MR i s  p r o p o r t i o n a l  to -2 .5  loglo 
(meteor mass). S ince  t h e  A r i e t i d s  have a comparable v e l o c i t y  
to t h e  Aquarids ( $  4 2  Km/sec) I s h a l l  assume t h a t  t h e  p a r t i c l e  
masses f o r  a g iven  magnitude of these two showers a r e  compara- 
b l e .  We t h e n  have a va lue  of  t h e  o r d e r  o f  5 x grams f o r  
t h e  mass o f  6MR A r i e t i d s .  
t h e  masses of  r a d i o  meteors are no t  w e l l  known. Radio masses 
are u n c e r t a i n  by perhaps an  o r d e r  o f  magnitude o r  more. Thus, 
we have es tab l i shed  tha t  a source  f u n c t i o n  of t h e  r i g h t  form 
e x i s t s  t ha t  h e l p s  to main ta in  t h e  popu la t ion  of  spo rad ic  
meteors i n  t h e  mass range of  t h e  o r d e r  of 5 x lo-" grams. 

It must be emphasized, however, t ha t  

P r e s e n t l y  I es t ina te  t h e  o r d e r  of magnitude of  t h e  
mass range  o f  s p o r a d i c  meteors f o r  which an i n 3 . x  a 
i s  i m p l i e d  b y  t h e  d i s t r i b u t i o n  of  f a i n t  shower x t e o r s .  The 
masses of  s p o r a d i c  meteors t h a t  most s t r o n g l y  i n f l u e n c e  t h e  
popu la t ion  of shower p a r t i c l e s  are about I" times smaller  
t h a n  t h e  masses o f  t h e  shower p a r t i c l e s  a f f e c t e d  by c a t a s -  
t r o p h i c  c o l l i s i o n s  w i t h  t h e  s p o r a d i c  meteors ,  S ince  I" i s  
of  t h e  o r d e r  o f  1 0  , t h e  mass index  a of  s p o r a d i c  meteors  
sugges ted  by  f a i n t  shower meteors  i n  s teady s t a t e  d i s t r i b u -  
t i o n  refers t h e r e f o r e  to the s p o r a d i c  meteor masses about  
l o m 4  t i m e s  the  r e s p e c t i v e  shower p a r t i c l e  masses. 

13/6 

4 
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M I n  t h e  prev ious  paragraph  w e  estimated tha t  the 6 R 
-4 A r i e t i d  meteor has a mass of  t h e  o r d e r  of  5 x 1 0  grams. 

Ar i e t id s  appear  to have a s teady  s t a t e  d i s t r i b u t i o n  f o r  M R > 9  
o r  1 0  and hence, t h i s  would correspond approximately to masses 
of t h e  o r d e r  of or less  than  l o m 5  grams. The masses of  spo- 
r a d i c  meteors f o r  which an  a=13/6 i s  i n d i c a t e d  would t h e n  be 
about lo-' grams o r  s m a l l e r .  It i s  i n t e r e s t i n g  to n o t e  t h a t  
f o r  these sporad ic  masses t h e  s a t e l l i t e  data i n d i c a t e  a gen- 
e r a l  " l e v e l l i n g  o f f "  o f  t h e  s p o r a d i c  d i s t r i b u t i o n .  No such 
e f f e c t  i s ,  however, i n d i c a t e d  i n  t h e  d i s t r i b u t i o n  of f a i n t  
A r i e t i d  p a r t i c l e s .  I f  t h e  s p o r a d i c  popu la t ion  were l e v e l l i n g  
o f f  ( L e . ,  t h e  index a of  s p o r a d i c  meteors would suddenly 
climinish),  t h e  number of s p o r a d i c  meteors capable  of  producing 
c a t a s t r o p h i c  c o l l i s i o n s  would s h a r p l y  dec rease .  The r e s u l t  
would b e  a r e l a t i v e  i n c r e a s e  i n  t h e  number of small shower 
p a r t i c l e s ,  i . e . ,  t h e  mass index  of t h e  shower p a r t i c l e s  would 
beg in  to i n c r e a s e .  I n  view, however, of t h e  cons ide rab le  un- 
certainty i n  t h e  masses of r a d i o  meteors ,  i t  i s  p o s s i b l e  t h a t  
I have over  estimated t h e  masses o f  t h e  r a d i o  meteors and 
t h e r e f o r e  t h e  apparent  d i screpancy  does n o t  e x i s t .  

about 5 x lo-* grams. 
sppea r s  to b e  reached  i s  MR>6. 
6 Aquarid m e t e o r  of  about 5 x 1 0  grams o r  smaller .  Thus, 
t he  sporad ic  meteors 'of about  l o B 4  times t h e i r  v a l u e ,  i . e . ,  
w i t h  masses a t  about 5 x grams o r  smaller one would 
estimate a mass index  o f  a=13/6. S ince  t h e  s a t e l l i t e  mea- 
surements i m p l y  a d e f i n i t e  change i n  a a t  about grams, 
t h e  i n f e r e n c e  drawn from t h e  A r i e t i d s  i s  s t i l l  c o n s i s t e n t  
w i t h  c u r r e n t  estimates of t h e  s p o r a d i c  popu la t ion .  We have 
estimated t h a t  Geminids i n  t h e  magnitude range  of O<MR<l, 
approximately,  have a mass of  about  .1 gm. Geminids appear 
to have reached s teady  s ta te  i n  t h e  range % 7 < MR < 11. 

T h i s  would correspond to a mass of  about grams and 
hence i m p l i e s  a s p o r a d i c  mass index  of 1316 for s p o r a d i c  
p a r t i c l e s  w i t h  masses of  about grams. 

M For a 0 R 6 Aquarid meteor I estimated a mass of 
The  magnitude a t  which s t eady  s t a t e  

T h i s  would correspond to a 
-4 

Using the  data of  McCrosky and Posen ( c o r r e c t e d  by  
a f a c t o r  of 6 .46,  as d i scussed  e a r l i e r )  w e  o b t a i n  a mass o f  
about grams f o r  a 0 P P e r s e i d  meteor .  Perseids seem t o  M 
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have reached  steady state a t  magnitudes MR > 6 o r  7 .  
would correspond t o  a mass v a l u e  of about  grams and 
imply an  a 2 13/6 f o r  s p o r a d i c  p a r t i c l e s  w i t h  masses of t h e  

o r d e r  o f  l o m 8  grams. 

T h i s  

I n  t h e  fo rego ing  d i s c u s s i o n ,  it was assumed t h a t  
the  shower mass i n d i c e s  are c o r r e c t  as pub l i shed  i n  t h e  lit- 
e r a t u r e .  A p o s s i b l e  sou rce  of  u n c e r t a i n t y  p e r s i s t s ,  however, 
inasmuch as the r a d i o  r e s u l t s  p l o t t e d  i n  F i g u r e  4 th rough 8 
assume a d i r e c t  p r o p o r t i o n a l i t y  between meteor  masses and 
maximum e l e c t r o n  l i n e  d e n s i t i e s ,  qM. 
i n g  meteors ,  however, s t r o n g  "flares" may e x i s t ,  undermining 
t h i s  r e l a t i o n s h i p .  Furthermore,  the  r e l a t i o n s h i p  between 
meteor mass and qM may vary from shower t o  shower depending 
on t h e  l a t t e r ' s  p h y s i c a l  composi t ion.  It i s  not  known, a t  
t h e  p r e s e n t  t i m e ,  how to take these e f f e c t s  i n t o  account .  

I n  t h e  case  of  fragment- 

The p r e s e n t  model p r e d i c t s  t h a t ,  g iven  s u f f i c i e n t  
t ime ,  t h e  f a i n t e r  meteors i n  a shower of  f a i r l y  a r b i t r a r y  
popu la t ion  index  t y p e  d i s t r i b u t i o n  w i l l  r each  a va lue  of 
om = 11/3-a w i t h  oc t h e  p o p u l a t i o n  index  of t h e  s p o r a d i c  en- 
vironment.  I f  t h e  p o p u l a t i o n  index  of t h e  i n i t i a l  shower 
d i s t r i b u t i o n  i s  smaller t h a n  o m ,  t h a n  t h e  fragments  c r e a t e d  
du r ing  c a t a s t r o p h i c  and e r o s i v e  c o l l i s i o n s  of  l a rger  shower 
p a r t i c l e s  w i l l  i n c r e a s e  t h e  r e l a t i v e  number of  t h e  smaller 
p a r t i c l e s  ( c . f . ,  Dohnanyi, 1968)  and hence "s teepen"  t h e  
d i s t r i b u t i o n  u n t i l  t h e  index  o m  i s  reached and v i c e  v e r s a ,  
i f  t h e  shower had an i n i t i a l  d i s t r i b u t i o n  w i t h  an  index  
greater t h a n  om (which i s  t h e  assumed s i t u a t i o n  here)  t h e n  
t h e  a n a l y s i s  i n  S e c t i o n  I V  i n d i c a t e s  t h a t  an  e q u i l i b r i u m  
index  of  om w i l l  b e  reached .  The agreement between t h i s  
r e s u l t  w i t h  t h e  o b s e r v a t i o n s  of  f a i n t  shower meteors  would 
imply  t h a t  the masses of  f a i n t  shower meteors  are approxi-  
ma te ly  p r o p o r t i o n a l  t o  t h e  maximum z e n i t h a l  e l e c t r o n  l i n e  
d e n s i t i e s  t h e y  produce.  Otherwise i t  i s  u n l i k e l y  t h a t  such 
a c l o s e  agreement would e x i s t  between the p r e s e n t  t h e o r y  and 
experiment .  

The case  of  b r i g h t  meteors i s  somewhat more tenuous ;  
o u r  model r e q u i r e s  only  t h a t  t h e  average  m a s s  i n  a l l  showers 
should  be  d i s t r i b u t e d  w i t h  a popu la t ion  index  oo = 2 a - 5 / 3  i f  
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the  c o l l i s i o n a l  p rocesses  i n  t h e  s p o r a d i c  environment are 
dominated by  c a t a s t r o p h i c  c o l l i s i o n s .  I f  t h e  c o l l i s i o n a l  
processes  are dominated by e r o s i o n ,  w e  have 

I n  p r a c t i c e ,  f o r  meteors i n  t h e  range of our i n -  
t e res t ,  c a t a s t r o p h i c  c o l l i s i o n s  w i l l  dominate,  bu t  f o r  b r i g h t  
meteors ,  an i n t e r m e d i a t e  va lue  f o r  u may b e  a p p r o p r i a t e .  T h i s  
argument a p p l i e s  to t h e  d i s t r i b u t i o n  of masses averaged over  
a l l  showers; s i n c e  more r e c e n t  showers presumably c o n t a i n  more 
mass t h a n  do t h e  o l d  ones,  t h e  argument a p p l i e s  only to very 
r e c e n t  showers and to t he  b r i g h t  meteor p o r t i o n  of  o l d e r  show- 
ers. The argument does n o t  i m p l y  t h a t  every  shower i s  i n i t i a l l y  
d i s t r i b u t e d  accord ing  to t h e  formula under d i s c u s s i o n ;  i t  merely 
r e q u i r e s  tha t  t h e  average over  t h e  showers comprising most of 
t h e  mass i s  d i s t r i b u t e d  acco rd ing ly .  It t h e r e f o r e  fo l lows  tha t  
even i f  our  t e n t a t i v e  i d e n t i f i c a t i o n  of t h e  b r i g h t  A r i e t i d s ,  
6 Aquarids and Geminids as r e p r e s e n t i n g  t h e i r  i n i t i a l  d i s t r i b u -  
t i o n  i s  i n  e r r o r  because the  popu la t ion  i n d i c e s  o f  these  showers 
should be  a d j u s t e d  downwards because of f ragmenta t ion ,  (as would 
b e  t h e  case  f o r  many b r i g h t  photographic  meteors ,  J a c c h i a  e t  a l ,  
19651, our  model would s t i l l  be a p p l i c a b l e .  

V I .  INFLUENCE OF R A D I A T I O N  EFFECTS 

A .  Rad ia t ion  Damping 

I n  t h i s  paper  w e  have analyzed some a s p e c t s  of t h e  
e v o l u t i o n  of meteor streams without  having cons idered  t h e  i n -  
f l uence  of t h e  Poynting Robertson e f f e c t  (Robertson,  1936) .  
We s h a l l  p r e s e n t l y  cons ide r  t h e  r e l a t i v e  t i m e s  r e q u i r e d  for 
c o l l i s i o n  p rocesses  and f o r  t h e  s e p a r a t i o n  of small p a r t i c l e s  
from meteor streams. 

According to Robertson (1936) r a d i a t i o n  from t h e  s u n ' s  
r a d i a t i o n  f i e l d  causes  p a r t i c l e s  to s p i r a l  i n  toward t h e  sun. 
The r a t e  at which t h e  semi-major a x i s  and e c c e n t r i c i t y  of  t h e  
p a r t i c l e s  d iminishes  i s  p r o p o r t i o n a l  to t h e  product  o f  t h e  p a r t -  
i c l e  r a d i u s  t i m e s  i t ' s  material d e n s i t y .  T h i s  means t ha t  s m a l l  
pa r t ic les  s p i r a l  i n  toward t h e  sun  f a s t e r  t h a n  do la rger  ones.  
One would, t h e r e f o r e ,  expec t  t h a t  a g iven  meteor stream looses  
a l l  of i t s  p a r t i c l e s  w i t h  masses smaller t h a n  a g iven  amount 
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( t h e  " c u t o f f "  mass would a c t u a l l y  b e  a f u n c t i o n  of t i m e ) .  
T h i s  has not  been observed a t  t h e  p r e s e n t  t i m e  (Wyatt and 
Whipple, 1 9 5 0 ) .  

The s i t u a t i o n  i s  a c t u a l l y  more complicated,  as has 
been po in ted  o u t  by Wyatt  and Whipple ( 1 9 5 0 ) .  The mechanism 
r e s p o n s i b l e  f o r  the d i s p e r s a l  of meteor streams, namely g rav i -  
t a t i o n a l  p e r t u r b a t i o n s  b y  p l a n e t s ,  c o n s t a n t l y  a c t s  on the 
meteor stream p a r t i c l e s .  T h i s  p rocess  does no t  depend on t h e  
p a r t i c l e  masses and hence r e t a r d s  t h e  a c t i o n  o f  r a d i a t i o n  damp- 
i n g  i n  t h e  sense  t h a t  a very s m a l l  p a r t i c l e  i n  t h e  ear th ' s  
atmosphere i s  slowed down i n  i t s  g r a v i t a t i o n a l  f ree  f a l l  by 
Brownian motion. T h i s  analogy i s  c o r r e c t  i f  it can be shown 
t h a t  t h e  t i m e  s c a l e  of  meteor d i spersa l  by  g r a v i t a t i o n a l  per -  
t u r b a t i o n s  i n  much s h o r t e r  t h a n  i s  t h e  corresponding t i m e  
s c a l e  o f  r a d i a t i o n  damping. S p e c i f i c a l l y  one needs to know 
t h e  c h a r a c t e r i s t i c  t i m e  f o r  t h e  d i s p e r s a l  b y  g r a v i t a t i o n a l  
p e r t u r b a t i o n s  of a s w a r m  of  p a r t i c l e s  moving i n  h igh ly  cor re-  
l a t e d  o r b i t s  around t h e  sun w i t h  semi-major a x i s  i n  t h e  range 
a to a+Aa and e c c e n t r i c i t i e s  i n  t h e  range e to e+Ae. T h i s ,  
to t h e  knowledge of t h e  w r i t e r ,  i s  s t i l l  an unsolved problem. 
We can only s a y  then  t h a t  g r a v i t a t i o n a l  p e r t u r b a t i o n s  lengthen  
t h e  c h a r a c t e r i s t i c  Poynting Robertson decay t imes  f o r  shower 
p a r t i c l e s  (and s p o r a d i c  meteoroids  a s  w e l l ) .  

Another r a d i a t i o n  f o r c e  ( f o r  a review,  s e e  J a c c h i a ,  
1963)  a c t i n g  on meteoroids  i s  t h e  so -ca l l ed  Yarkovski-Radzievski 
e f f e c t  (Radzievski ,  1 9 5 2 ,  e t  a l ,  Opik ,  1 9 5 1 ) .  T h i s  e f f e c t  con- 
s i s t s  i n  t h e  f a c t  t h a t  more photons a r e  radiated from a h o t  
s u r f a c e  t h a n  from a c o l d  one. Hence, i f  a p a r t i c l e  i s  sp inn ing  
i n  t h e  same sense  as i t  i s  r o t a t i n g  around i t s  o r b i t ,  i t s  "even- 
i n g  s i d e "  w i l l  be h o t t e r  t h a n  i t s  morning s i d e  and w i l l  t h e r e f o r e  
exper ience  an a c c e l e r a t i o n ;  i f  i t  i s  sp inn ing  i n  an oppos i t e  sense  
to i t s  o r b i t a l  motion, a damping w i l l  occur .  S ince  w e  do no t  know 
anyth ing  about t h e  p e r i o d  or s e n s e  of  r o t a t i o n  of  meteoro ids ,  t h e  
magnitude of t h e  e f f ec t  cannot be  estimated. It i s ,  however, 
impor tan t  to p o i n t  o u t  t h a t  t h e  Yarkoski-Radzieski e f f e c t  may par- 
t i a l l y  obscure t h e  s i g n i f i c a n c e  of t h e  Poynting Robertson e f f e c t .  

I n  t h e  l i g h t  of  t h e  fo rego ing ,  estimates of p a r t i c l e  
l i fe t imes  due to t h e  Poynting Robertson e f f ec t  are l i k e l y  to be  
lower l i m i t s .  Even t h e n ,  mass d i s t r i b  u t i o n s  o f  meteor showers 
due to c o l l i s i o n a l  p rocesses  between shower p a r t i c l e s  and spo- 
r a d i c  p a r t i c l e s  w i l l  b e  u n e f f e c t e d  u n l e s s  r a d i a t i o n  damping 
completely removes a l a r g e  f r a c t i o n  of t h e  p a r t i c l e s  from t h e  
shower. I f  r a d i a t i o n  damping only g i v e s  r i s e  to a r e l a t i v e l y  
small s e p a r a t i o n  between l a r g e  and s m a l l  p a r t i c l e s  (du r ing  a 
c e r t a i n  l e n g t h  of t i m e ) ,  t h e  model d i s c u s s e d  i n  t h i s  paper  s t i l l  
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a p p l i e s  s i n c e  w e  are n o t  concerned w i t h  t h e  "self i n t e r a c t i o n "  
of stream p a r t i c l e s  b u t  i n  t h e i r  i n t e r a c t i o n  w i t h  t h e  s p o r a d i c  
f l u x  which i s  independent of t h e  r e l a t i v e  s p a t i a l  d i s t r i b u t i o n  
of p a r t i c l e  s i z e s  i n  a stream ( a s  long  as t h e y  are not  completely 
removed). 

We s h a l l  p r e s e n t l y  estimate t h e  r e l a t i v e  importance of 
r a d i a t i o n  damping compared w i t h  c o l l i s i o n a l  p rocesses .  Following 
Wyatt  and Whipple (1950) w e  compute t he  t i m e  r e q u i r e d  f o r  a 
shower p a r t i c l e  to change the  t r u e  anomaly of t h e  i n t e r s e c t i o n  of 
i t s  o r b i t  w i t h  ea r th ' s  o r b i t  by 5 . T h i s  corresponds to a t r a v e l  
t i m e  of 5 days  f o r  t h e  ear th .  Our method o f  c a l c u l a t i o n  d i f f e r s  
from t h a t  of Wyatt and Whipple (1950)  inasmuch as I used a s h o r t  
cu t  f o r  t h e  e s t i m a t i o n  of t h e  change i n  t h e  o r b i t a l  e c c e n t r i c i t y  
Ae. I n s t e a d  of g r a p h i c a l l y  c a l c u l a t i n g  Ae, I c a l c u l a t e d  Ae from 
t h e  t o t a l  d e r i v a t i v e  de o f  t h e  t r u e  anomaly 8 ;  t h e  r e s u l t  i s  a 
much f a s t e r  but  somewhat less  a c c u r a t e  c a l c u l a t i o n .  

0 

The r e s u l t s  f o r  t h e  t i m e  of s e p a r a t i o n  from t h e  o r i g -  
i n a l  o r b i t  a r e  l i s t e d  i n  Tab le  11 f o r  t h e  showers under our 
p re sen t  c o n s i d e r a t i o n .  Two Values of  material  d e n s i t i e s  have 
been used; one f o r  basalt  w i t h  p = 3 .5  x 1 0  

f o r  pumice w i t h  p = .6 x l o 3  Kg/m . 
3 Kg/meter3 and one 

3 

We a l s o  l i s t  i n  T a b l e  I1 t h e  l i f e  t i m e  T~~ w i t h  r e s p e c t  
to c a t a s t r o p h i c  c o l l i s i o n s  of  shower p a r t i c l e s .  We use t h e  
"minimum model" f o r  t h e  sporad ic  f l u x  i n  o r d e r  to o b t a i n  a con- 
s e r v a t i v e  estimate ( f o r  t h e  "maximum model" T~~ i s  s h o r t e r ) .  
Using eq-30, one o b t a i n s ,  

where t h e  symbols have been de f ined  ea r l i e r .  
i s  the t i m e  r e q u i r e d  for t h e  number of p a r t i c l e s  i n  a mass range 
m+dm t o  decay to 1/3 of i t s  va lue  because of c a t a s t r o p h i c  c o l l i -  
s i o n s  provided t h a t  no o t h e r  p rocesses  o p e r a t e .  For showers 
w i t h  a popu la t ion  index  o = 11/3 - 01 p a r t i c l e  c r e a t i o n  by  frag- 
mentat ion i s  n e g l i g i b l e  (Dohnanyi, 1968)  and hence t h e  only 
c o l l i s i o n a l  p rocesses  o p e r a t i n g  are c a t a s t r o p h i c  and e r o s i v e  
c o l l i s i o n s .  
p a r t i c l e  l i f e t ime  s i n c e  w e  w i l l  no t  i n c l u d e  t h e  c o n t r i b u t i o n  o f  
e r o s i o n  to t h e  e f f e c t i v e  p a r t i c l e  l i f e t i m e .  

The q u a n t i t y  T~~ 

The q u a n t i t y  T~~ i s  t h e r e f o r e  an upper l i m i t  to t he  
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I n  what f o l l o w s ,  two t y p e s  of material composition 
w i l l  be cons idered:  basalt having a d e n s i t y  of  3.5 gm/cc 
which may b e  r e p r e s e n t a t i v e  o f  moderately dense p a r t i c l e s  
du r ing  hype rve loc i ty  impact p r o c e s s e s ,  and pumice w i t h  a den- 
s i t y  of about .6 gm/cc which may b e  r e p r e s e n t a t i v e  of  f l u f f y  
p a r t i c l e s .  For basal t ,  r f  can b e  t aken  as (Dohnanyi, 1 9 6 7 ) :  

2 r i  = 250 v 

where v i s  t h e  impact v e l o c i t y  i n  Km/sec. For pumice, I t a k e  
a va lue  f o r  r i  about .1 t i m e s  i t s  va lue  f o r  basal t  (Gau l t ,  
1968 ,  p r i v a t e  communication, a l s o  c f .  Moore and Robertson, 
1966). 

I n  o r d e r  to e s t i m a t e  t h e  c o l l i s i o n a l  environment of  
t h e  meteor stream p a r t i c l e s ,  I assume t h a t  t he  c o l l i s i o n a l  en- 
vironment t h e y  exper ience  over  t h e i r  e n t i r e  o r b i t  i s  similar 
to t h e  environment they  exper ience  nea r  E a r t h .  T h i s  i s  not  
a c c u r a t e ,  inasmuch as shower p a r t i c l e s  exper ience  a cons ider -  
ab ly  more seve re  environment a t  d i s t a n c e s  l e s s  t han  1 AU from 
t h e  sun and a cons iderably  "mi lder"  environment toward aphe l ion  
(where t h e  p a r t i c l e s  spend a g r e a t e r  p a r t  of t h e i r  t i m e ) .  

From eq-50, i t  can b e  seen  t ha t  T~~ i s  i n v e r s e l y  pro-  

p o r t i o n a l  to t h e  cons t an t  K and t h e  parameter I" which i s  t h e  
l a r g e s t  mass completely d i s r u p t e d  by  a p r o j e c t i l e  w i t h  u n i t  
mass. K i s  p r o p o r t i o n a l  to t he  mean r e l a t i v e  v e l o c i t y  o f  t h e  
c o l l i d i n g  p a r t i c l e s ;  I" i s  p r o p o r t i o n a l  to t h e  p r o j e c t i l e  k i -  
n e t i c  energy wi th  r e s p e c t  to t h e  t a r g e t  p a r t i c l e s  and hence to 
t h e  squa re  of t h e  mean r e l a t i v e  v e l o c i t y .  C o l l i s i o n a l  ra tes  
are t h e r e f o r e  p r o p o r t i o n a l  to t h e  cube of t h e  mean v e l o c i t y .  
S ince  t h e  h e l i o c e n t r i c  v e l o c i t y  o f  p a r t i c l e s  i n c r e a s e s  as 
R-'/* where R i s  t h e i r  d i s t a n c e  to t h e  sun ,  w e  see that  c o l l i -  
s i o n a l  ra tes  are g r e a t e r  t h a n  a t  1 AU f r o m  -the sun b y  about  a 
f a c t o r  of  4 a t  Mercury's o r b i t  (R 2, .31 AU) and by a f a c t o r  
o f  about 1 0  a t  R = .2  AU due to t h e  v e l o c i t y  f a c t o r .  I n  t u r n ,  
c o l l i s i o n a l  ra tes  dec rease  (because of t h e  dec rease  i n  v e l o c i t y )  
by about  an o r d e r  o f  magnitude nea r  J u p i t e r .  

W e  a l s o  n o t e ,  from eq-50, t h a t  T~~ i s  i n v e r s e l y  pro- 
p o r t i o n a l  to t h e  number d e n s i t y  no rma l i za t ion  cons t an t  ( i . e . ,  
number d e n s i t y  of  u n i t  m a s s )  A o f  spo rad ic  meteors .  The s p a t i a l  
v a r i a t i o n  of A i n  t h e  s o l a r  system i s  d i f f i c u l t  to determine.  
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According to a r e c e n t  s tudy  by Southworth (1967) A i s  propor- 
t i o n a l ,  approximately t o  R -3'2, 
c o l l i s i o n a l  ra tes  by  an  o r d e r  of  magnitude n e a r  J u p i t e r  and 
i n c r e a s e  t he  ra tes  by  an o r d e r  of magnitude a t  R Q, .2  AU.  

v e l o c i t y  and t h e  spo rad ic  number d e n s i t y  i n t o  account ,  I e s t i -  
mate t h a t  c o l l i s i o n a l  rates i n c r e a s e  by about 2 o r d e r s  of 
magnitude nea r  R Q, . 2  AU and dec rease  by about t h e  same f a c t o r  
nea r  J u p i t e r .  Whence, i f  a group of shower p a r t i c l e s  spend 
one pe rcen t  of  t h e i r  t i m e  nea r  R = . 2  AU and t h e  res t  of t h e  
t i m e  t h e y  exper ience  no c o l l i s i o n s  a t  a l l ,  t h e y  would have 
average c o l l i s i o n a l  ra tes  c o r r e c t l y  g iven  by t h e i r  c o l l i s i o n a l  
environment a t  R = 1 AU. T h i s  forms t h e  basis f o r  an  o r d e r  of  
magnitude estimate f o r  T ~ ~ ,  which I take on t h e  average to equa l  
i t s  va lue  a t  R = 1 AU. 

T h i s  would decrease  the  

Taking the  spa t i a l  v a r i a t i o n  of  t h e  mean encounter  

For t h e  no rma l i za t ion  c o n s t a n t ,  A ,  I use  t h e  "minimum 
model" va lue  g iven  by  eq-4 and Tab le  1.1 e s t i m a t e  t h e  approxi-  
mate va lue  of mean c o l l i s i o n a l  v e l o c i t i e s  V (shower) o f  shower 
meteors b y  combining t h e  g e o c e n t r i c  v e l o c i t i e s  V (shower) w i t h  g 
t h e  mean g e o c e n t r i c  v e l o c i t i e s  V ( s p o r a d i c )  of spo rad ic  meteors:  

g 

(shower)2 = V (shower)2 + V ( s p o r a d i c )  2 
g g 

We are now ready to d i s c u s s  t h e  s i g n i f i c a n c e  of T a b l e  11. 
It can be seen ,  from the  t a b l e ,  t h a t  f o r  a g iven  material  compo- 
s i t i o n  T~~ i s  s h o r t e r  t h a n  T~~ f o r  every shower cons idered .  

T~~ 
i s  s h o r t e r  t han  T~~ by ha l f  an o r d e r  of magnitude to two and a ha l f  

o r d e r s  of  magnitude, depending on t h e  p a r t i c u l a r  shower. It should 
a l s o  be po in ted  out t h a t  t h e  Poynting Robertson s e p a r a t i o n  t i m e s  
'PR' 
ve l ed  by ear th  i n  about  5 d a y s .  I f  such a s e p a r a t i o n  a c t u a l l y  occur s ,  
the small p a r t i c l e s  are s t i l l  r ecogn izab le  members of the "main 
shower" and hence the mass d i s t r i b u t i o n  of  t he  shower p a r t i c l e s  
averaged over  t h e i r  e n t i r e  r a d i a n t  i s  s t i l l  determined by c o l l i -  
s i o n a l  p rocesses .  
estimated because of t h e  o t h e r  f a c t o r s  w e  have d i scussed  ear l ie r ,  

under d i s c u s s i o n  are t h e  t i m e s  of s e p a r a t i o n  that  can b e  t ra-  

The s e p a r a t i o n  t i m e s  T~~ are l i k e l y  to b e  under- 



ELLCOMM, INC. - 34 - 

and hence the i n f l u e n c e  of r a d i a t i o n  damping can  be disregarded 
i n  comparison w i t h  c o l l i s i o n a l  p r o c e s s e s  f o r  purposes  o f  es t i -  
mating the mass d i s t r i b u t i o n  of shower meteors .  The m a s s  range  
f o r  t h e  shower par t ic les  under  d i s c u s s i o n  f o r  which the argu-  
ment a p p l i e s  i n c l u d e s  masses e q u a l  to or g r e a t e r  t h a n  I"Fr where 
rTFr i s  the l a r g e s t  m a s s  t h a t  can be completely d i s r u p t e d  b y  a 
p a r t i c l e  w i t h  m a s s  1.1. 1-1 i s  t h e  m a s s  a t  which the  d i s t r i b u t i o n  
of s p o r a d i c  meteors  changes (c f  F igu re  1) from a d i s t r i b u t i o n  
w i t h  index  a to a d i s t r i b u t i o n  w i t h  a smaller index  ( f o r  smaller 
m e t e o r s ) .  
fo l lows  t h a t  u se  o f  a model s p o r a d i c  environment w i t h  a>2 nor- 
mal ized to a g r e e  w i t h  t h e  d i s t r i b u t i o n  of photographic  meteors  
w i l l  g i v e  even s h o r t e r  v a l u e s  f o r  T~~ and hence T~~ becomes 
even less s i g n i f i c a n t  i n  de te rmining  shower m a s s  d i s t r i b u t i o n .  

S ince  i n  T~~ w e  used t h e  minimum model ( a = 2 ) ,  i t  

An i n t e r e s t i n g  f e a t u r e  of t h e  v a l u e s  of T~~ i n  T a b l e  I1 
i s  t h e  r e l a t i v e l y  s m a l l  d i f f e r e n c e  between T~~ f o r  pumice and T~~ 

f o r  basa l t  f o r  any g iven  shower. T h i s  i s  due to t h e  f a c t  t h a t  
even though l e s s  m a s s  i s  c r a t e r e d  out d u r i n g  an impact i n t o  pum- 
i c e  than  would b e  t h e  c a s e  w i t h  ba sa l t ,  t h e  pumice p a r t i c l e  has 
a g r e a t e r  geomet r i ca l  c r o s s  s e c t i o n a l  area because of i t s  lower 
d e n s i t y  t h a n  does t h e  basalt  p a r t i c l e .  T h i s  has t h e  e f f e c t  of 
i n c r e a s i n g  t h e  c o l l i s i o n a l  r a t e s  f o r  t h e  under dense p a r t i c l e s .  
The ne t  e f f e c t  i s  t h a t  t h e  v a l u e s  of T~~ a r e  only  modera te ly  
e f f e c t e d  b y  m a t e r i a l  d e n s i t y .  

B .  I n f l u e n c e  of Rad ia t ion  P res su re  

When t h e  s u n ' s  r a d i a t i o n  ris i n c i d e n t  on a p a r t i c l e  i n  
t h e  s o l a r  sys t em,  a c e r t a i n  amount o f  p r e s s u r e  w i l l  b e  e x e r t e d  
on t h e  p a r t i c l e .  T h i s  c l a s s i c a l  e f f e c t  has been t rea ted  i n  t he  
l i t e r a t u r e  (see, e . g . ,  Robertson, 1937, Van D e  H u l s t ,  1 9 6 2 )  w i t h  
t h e  r e s u l t  t h a t  t h e  r e s u l t a n t  f o r c e s ,  g r a v i t a t i o n a l  and e l e c t r o -  
magnet ic ,  b i n d i n g  t h e  p a r t i c l e  to t h e  sun dec reases  w i t h  t h e  
p a r t i c l e ' s  r a d i u s .  For p a r t i c l e  r a d i i  smaller t h a n  a c e r t a i n  
c r i t i c a l  va lue ,  t h e  e l e c t r o m a g n e t i c  f o r c e  exceeds t h e  g r a v i t a -  
t i o n a l  f o r c e  and t h e  p a r t i c l e  i s  blown out of the s o l a r  system. 
The c r i t i c a l  r a d i u s  a t  which t h i s  occurs  i s  a f u n c t i o n  of  t h e  
shape o f  t h e  p a r t i c l e ,  i t s  material  d e n s i t y  and i t s  o p t i c a l  
p r o p e r t i e s .  

An i n t e r e s t i n g  e f fec t  o c c u r s ,  as a r e s u l t  of r a d i a t i o n  
p r e s s u r e ,  i f  w e  c o n s i d e r  t h e  o r i g i n  of  cometary p a r t i c l e s .  Comets 
are b e l i e v e d  to e m i t  most of t h e i r  d e b r i s  n e a r  p e r i h e l i o n .  S ince  
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w e  are d e a l i n g  w i t h  a c e n t r a l  f o r c e  problem t h e  p a r t i c l e s  are 
g iven  i n i t i a l  o r b i t s  whose per ihe l ia  are i d e n t i c a l  to t h a t  o f  
t h e  comet b u t  t he  o t h e r  o r b i t a l  elements o f  the  p a r t i c l e s  w i l l  
be modif ied by r a d i a t i o n  p r e s s u r e .  T h i s  problem has been d i s -  
cussed by H a r w i t  (1963);  t h e  r e s u l t  i s  t h a t  a p a r t i c l e ' s  s e m i -  
major a x i s  a '  i s  g iven  by  

at = a v  (1-e ) 
2v-e-1  

where a and e are t h e  semi-major a x i s  and e c c e n t r i c i t y ,  r e s p e c t -  
i v e l y ,  of t h e  p a r e n t  comet. The q u a n t i t y  v i s  , f o r  s p h e r i c a l  
p e r t i c l e s  ( H a r w i t ,  1963):  

v = l -  5 .8  10% (53) 

where p and IT are t h e  material  d e n s i t y  and r a d i u s ,  r e s p e c t i v e l y ;  
of t h e  p a r t i c l e  i n  c . g . s .  u n i t s .  f3 i s  t h e  f r a c t i o n  of l i g h t ,  
i n c i d e n t  on t h e  p a r t i c l e ,  which t r a n s f e r s  momentum to i t .  

From eq-52, one can see t h a t  d u s t  p a r t i c l e s  are s e n t  
i n t o  hyperbol ic  o r b i t s  i f  t h e  e c c e n t r i c i t y  of t h e  p a r e n t  comet 

e > 2 v - l  ( 54 )  

F igure  9 i s  a p l o t  o f  eq-54. P l o t t e d  i n  t h e  F igure  
i s  t h e  t h r e s h o l d  mass of meteoroids  a t  which t h e y  w i l l  be  blown 
away by  r a d i a t i o n  p r e s s u r e  v s .  1-e of  t h e  pa ren t  comet. Meteor 
d e n s i t i e s  of 1/2, 1, 2 ,  and 3 .5  gm/cc have been cons idered .  
The 1-e va lues  of t h e  major showers are a l s o  i n d i c a t e d .  One 
may assume t h a t  each comet which presumably gave r ise  to a 
major shower, had a t  the  t i m e  i t  c r e a t e d  t h e  shower, an eccen- 
t r i c i t y  similar to t h a t  of t h e  shower. The i n t e r s e c t i o n  of 
each v e r t i c a l  l i n e  ( r e p r e s e n t i n g  t h e  a p p r o p r i a t e  1-e va lue  of 
t h e  shower) w i t h  any l i n e  l a b e l l e d  by a d e n s i t y  g ives  t h e  
smallest p a r t i c l e  mass having t h e  g iven  d e n s i t y  t h a t  can b e  
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p r e s e n t  i n  t h e  shower. On t h a t  bas i s ,  one f i n d s  tha t  none of 
t h e  major showers c o n t a i n  p a r t i c l e s  smaller t h a n  about  t o  
lo-’ grams having a d e n s i t y  of 1 /2  gm/cc. The r a d i a t i o n  pres-  
s u r e  cu t -of f  on t h e  shower-- masses occurs  i n  t h e  range of lo-* 
to 1 0  -lo grams f o r  meteoroids  having a d e n s i t y  s imilar  to basalt  
( 3 . 5  gm/cc). 

I f  t he  w e l l  known major showers are r e p r e s e n t a t i v e  of  
meteor showers i n  t h e  solar system, t h e n  one would expec t  a drop 
i n  t h e  popu la t ion  of spo rad ic  meteoroids  w i t h  masses less  than  

to grams, depending on t h e i r  d e n s i t y .  T h i s  would f o l -  
low i f  t h e  p r e s e n t  model i s  c o r r e c t  and meteor showers do i n  
f a c t  s u s t a i n  t h e  s p o r a d i c  background. I n s p e c t i o n  of F igure  1 
i n d i c a t e s  t h a t  a drop i n  t h e  s p o r a d i c  meteor popu la t ion  does 
occur  f o r  masses less  t h a n  about grams, and obse rva t ions  
appears  to suppor t  t h e  p r e s e n t  r e s u l t .  

It must be po in ted  out  t h a t  t h e  major showers may 
s t i l l  c o n t a i n  a modest number of p a r t i c l e s  which are smaller 
t h a n  t h e  cu t -of f  va lues  under c o n s i d e r a t i o n .  C o l l i s i o n a l  
fragments having masses less  t h a n  t h e  cu t -of f  va lue  under d i s -  
cuss ion  bu t  g r e a t e r  t han  t h e  r a d i a t i o n  p r e s s u r e  l i m i t  f o r  
bound p a r t i c l e s  w i l l  popula te  t h e  mass d i s t r i b u t i o n  a f t e r  a 
s u f f i c i e n t l y  long  t i m e .  

V I I .  TOTAL RATE OF METEORITIC MASS LOSS 

I n  t h i s  s e c t i o n ,  t h e  r a t e  o f  l o s i n g  mass by  t he  pop- 
u l a t i o n  of  s p o r a d i c  meteoroids  i s  e s t ima ted .  The r e s u l t  i s  com- 
pared w i t h  e x i s t i n g  sources  of mass i n p u t .  More s p e c i f i c a l l y ,  
w e  s h a l l  compute t h e  t o t a l  mass of  p a r t i c l e s  t h a t  are c r e a t e d  
p e r  second by  f ragmenta t ion  i n t o  a p a r t i c l e  mass range equa l  to 

Kg; t h i s  i s  t h e  m a s s  loss r a t e ,  due to or less  t h a n  p % 1 0  
c rush ing ,  from p a r t i c l e s  w i t h  masses c r e a t e r  t h a n  p. Since ,  
however, no a t tempt  w i l l  b e  made to account f o r  t h e  s p a t i a l  
v a r i a t i o n  i n s i d e  t h e  s o l a r  s y s t e m  o f  t h e  v e l o c i t y  and number 
d i s t r i b u t i o n  of  meteoroids  t h e  r e s u l t s  w i l l  b e  o rde r  of magni- 
t ude  approximations on ly .  

-10.5 

The number of c o l l i s i o n a l  fragments c r e a t e d  p e r  u n i t  
volume and u n i t  t i m e  i n  t h e  m a s s  range m to m+dm i n  t h e  meteor- 
i t i c  c loud i s  g iven  by  an expres s ion  analogous to eq-45. 
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2 M a / I '  

(55)  - - km-'[ dM1 l m d M 2  C ( M l , M 2 ) f  ( M l ) f  (M2) (M1 113 +M2 1/31 
m/A 

where t h e  symbols have been d e f i n e d  e a r l i e r .  For f ( m )  w e  use 
eq-4 w i t h  a=13/6, a,=3/2 and 1.1=10 Kg 

-10.5 

The ra te  a t  which t h e  popu la t ion  of p a r t i c l e s  having 
masses greater t h a n  1-1 i s  l o s i n g  mass (per  u n i t  t i m e  and u n i t  
volume) can now be  obta ined  when eq-55 i s  m u l t i p l i e d  by  m and 
i n t e g r a t e d  over  a p p r o p r i a t e  l i m i t s .  

The r e s u l t  i s  

where.fi/volume i s  t h e  ra te  ( p e r  u n i t  volume and t i m e )  a t  which 
t h e  popu la t ion  of meteoroids  w i t h  masses g r e a t e r  t h a n  1.1 i s  l o s -  
i n g  mass because of  f ragmenta t ion .  
u n i t  volume of meteoroids  having masses e q u a l  to o r  g r e a t e r  t h a n  
v *  

MT i s  t h e  total mass p e r  

The expres s ion  on t h e  r i g h t  hand s ide  of eq-56 i s  t h e  
c o n t r i b u t i o n  of  c a t a s t r o p h i c  c o l l i s i o n s ;  e r o s i o n  p l a y s  an i n s i g -  
n i f i c a n t  r o l e .  The f i rs t  expres s ion  i n s i d e  t h e  square  b r a c k e t s  
i s  t h e  c o n t r i b u t i o n  o f  p r o j e c t i l e  p a r t i c l e s  w i t h  masses smaller 
than  p breaking  up t a r g e t  p a r t i c l e s  w i t h  masses g r e a t e r  t han  1.1. 
The second expres s ion  i n s i d e  t h e  square  b racke t  i s  t h e  c o n t r i -  
b u t i o n  of c a t a s t r o p h i c  c o l l i s i o n s  when t h e  p r o j e c t i l e  as w e l l  
as t h e  t a r g e t  masses are g r e a t e r  t h a n  1.1. 

Whipple (1967) estimated t h a t  t h e  t o t a l  mass of  t h e  

m e t e o r i t i c  c loud i s  about 2 . 5  x Kg d i s t r i b u t e d  over  a volume 
of 3.5 AU r a d i u s  about t h e  sun  w i t h i n  a n  i n c l i n a t i o n  i < 2 O o  from 

3 t h e  e c l i p t i c  (2 .25 x meter ) . The r a t i o  of  t h e  total mass 
of  p a r t i c l e s  w i t h  masses g r e a t e r  t h a n  u to t he  t o t a l  mass of  
p a r t i c l e s  w i t h  masses less  t h a n  u i s )  for a d i s t r i b u t i o n  of t he  
type  eq-4) (2-ao)/(a-2),  where ao<2 and a > 2 .  Taking a0=3/2 and 
ct=13/6, t h i s  r a t i o  i s  3.  
Whipple's (1967)  estimate.  

Hence, w e  can take for MT, 75% o f  
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Using a p p r o p r i a t e  values f o r  the c o l l i s i o n  parameters 
w e  t h e n  o b t a i n ,  f o r  basalt pa r t i c l e s ,  

4 fi = 2.8 x 1 0  Kg/sec 

and f o r  pumice p a r t i c l e s  

fi = 2.5 x l o 4  Kg/sec 

(57 )  

These f i g u r e s  compare f a v o r a b l e  w i t h  Whipple's (1967) 
4 estimate of about 1 or 2 x 1 0  Kg/sec. 

It can b e  seen ,  from eq-57 and 58 t ha t  5 i s  not  very  
s e n s i t i v e  to t h e  material composi t ion of  t he  p a r t i c l e s .  S tones  
fragment more e x t e n s i v e l y  t h a n  do ' f f ' lu f fy"  p a r t i c l e s  b u t  s t o n e s  
have smaller p h y s i c a l  dimensions ( v i z  c o l l i s i o n  c r o s s e c t i o n s )  
and t h e r e f o r e  encounter  l ess  c o l l i s i o n s  t h a n  do " f l u f f y "  p a r t -  
i c l e s .  The.net r e s u l t  i s  a compensation g i v i n g  r i s e  to s imi la r  
va lues  f o r  M i n  each c a s e .  

Whipple ( 1 9 6 7 )  has d i s c u s s e d  t h e  c o n t r i b u t i o n  to t h e  
m e t e o r i t i c  c loud  by comets. H e  e s t i m a t e d  . that  H a l l e y ' s  comet 
c o n t r i b u t e s  about  5 x lo3 Kg/sec and Comet Encke c o n t r i b u t e s  
about 3 .5  x lo3 Kg/sec. Other  comets do no t  appear  to c o n t r i -  
b u t e  s i g n i f i c a n t l y  t o  t h e  m e t e o r i t i c  c loud.  While t he  r e s u l t s  
of  eq-57 and 58 are about  three times h i g h e r  t h a n  comets appar- 
$ n t l y  can supp ly ,  it must be  born i n  mind t h a t  our  r e s u l t  f o r  
M i s  approximate and t h i s  o r d e r  of magnitude agreement should  
be cons idered  encouraging.  

VIII. D I S C U S S I O N  AND C O N C L U S I O N S  

The c u r r e n t l y  favored  theo ry  of t h e  o r i g i n  of s p o r a d i c  
meteoroids  i s  t h a t  t hey  are shower p a r t i c l e s  dispersed by g r a v i t -  
a t i o n a l  p e r t u r b a t i o n s .  The p r e s e n t  s tudy  was undertaken i n  
o r d e r  to check t h e  v a l i d i t y  of  t h i s  t heo ry  and t o  ga in  f u r t h e r  
i n s i g h t  into t h e  p h y s i c a l  s i g n i f i c a n c e  of t h e  known meteoroid 
d i s t r i b u t i o n .  I n e l a s t i c  (two body) c o l l i s i o n s  d e s t r o y  some 
p a r t i c l e s  and c r e a t e  a spectrum of f ragments .  The r e s u l t  i s  
a n  e v o l u t i o n  of the mass d i s t r i b u t i o n  of t h e  me teo r i c  popula- 
t i o n  which, t o g e t h e r  w i t h  t h e  i n f l u e n c e  of s o l a r  r a d i a t i o n  0.2 
t he  p a r t i c l e  p o p u l a t i o n  i s  desc r ibed  b y  a s t a t i s t i c a i  model. 
P r e c i s e  obse rva t ions  of spo rad ic  and shower meteors  are 
examined and t h e i r  r e s p e c t i v e  mass d i s t r i b u t i o n s  are found con- 
s i s t e n t  w i t h  t h e  r e s u l t s  o f  t h e  a n a l y s i s .  S ince  meteor showers 
are b e l i e v e d  t o  o r i g i n a t e  from comets, t h e  r e s u l t s  o f  t h i s  
s tudy  c o n s t i t u t e  new evidence f a v o r i n g  t h e  cometary o r i g i n  of 
meteors .  
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Details o f  t h e  a n a l y s i s  i n d i c a t e  tha t  n t  
popu la t ion  o f  spo rad ic  meteors  i s  u n s t a b l e :  t he  
p a r t i c l e s  des t royed  by c o l l i s i o n s  i n  a g i v e n  mass 
u n i t  t i m e  i s  g r e a t e r  t h a n  t h e  r a t e  a t  which f ragments ,  i n  
t h i s  same mass range ,  are c r e a t e d  by t h e  d i s t r u p t i o n  o f  l a r g e r  
p a r t i c l e s .  I f  t h e  observed d i s t r i b u t i o n  o f  spo rad ic  meteor  
masses i s  to be main ta ined  i n  a steady s t a t e ,  a sou rce  f u n c t i o n  
must e x i s t  " feeding"  the  popu la t ion  o f  spo rad ic  meteoro ids .  
The mathematical  form of t h e  r e q u i r e d  source  f u n c t i o n  i s  ca lcu-  
l a ted  and compared w i t h  t h e  observed mass d i s t r i b u t i o n  of  
s e v e r a l  showers.  It i s  found t h a t  t h e  showers cons idered  
q u a l i f y  f o r  such a source  f u n c t i o n  provided  t h a t  t h e  popu la t ion  
index ,  a ,  of  t h e  sporad ic  meteoro ids  i s  t aken  to b e  c1 = 13/6. 

The e v o l u t i o n  o f  t h e  mass d i s t r i b u t i o n  o f  shower 
p a r t i c l e s  i s  then  cons idered .  It i s  shown tha t  t h e  a c t i o n  
of spo rad ic  meteoro ids  c o l l i d i n g  w i t h  t h e  shower p a r t i c l e s  
w i l l  cause t h e  l a t t e r  to approach,  asymptomat ica l ly ,  a d e f i n i t e  
d i s t r i b u t i o n  a f t e r  a s u f f i c i e n t l y  long  t i m e .  Smal l  p a r t i c l e s  
have s h o r t e r  l i f e  t imes  t h a n  do l a r g e r  p a r t i c l e s  and there- 
f o r e  t h e  asymptot ic  d i s t r i b u t i o n  occur s  f i r s t  a t  t he  s m a l l  
mass " reg ion"  of  shower meteor  mass d i s t r i b u t i o n s .  T h i s  
r e s u l t  i s  found to be c o n s i s t e n t  w i t h  t h e  observed mass 
d i s t r i b u t i o n  of t h e  meteor  showers cons idered  provided  t h a t ,  
aga in ,  t h e  popu la t ion  index a of  t h e  spo rad ic  d i s t r i b u t i o n  
i s  t a k e n  to b e  c1 = 13/6. 

The r a t e  a t  which the  m e t e o r i t i c  popu la t ion  i s  
l o s i n g  mass by f ragmenta t ion  i s  a l s o  cons idered .  It i s  found t h a t  
t h e  popu la t ion  of p a r t i c l e s  w i t h  masses greater  t h a n  1 0  
Kg i s  losong mass a t  t h e  r a t e  of 2 .8  x lo4 Kg/sec o r  2 . 5  x 1 0  
Kg/sec depending on .whether t h e y  are  assumed to c o n s i s t - o f  
basal t  o r  pumice, r e s p e c t i v e l y .  These numbers a r e  comparable 
to Whipple ' s  (1967) e s t i m a t e s  o f  t h e  same mass loss r a t e  as 
w e l l  as h i s  estimate of t h e  c r e a t i o n  r a t e  of new material  
b y  comets. 

-10.5 
4 

PoYnting Roberston e f f e c t  i s  examined; i t  i s  
shown t h a t ,  i n  t h e  range  of r a d i o  and photographic  meteors ,  
c o l l i s i o n a l  ProceSSeS dominate t h e  e v o l u t i o n  of d i s t r i b u t i o n  
of meteor  masses. 

Rad ia t ion  p r e s s u r e  provides  a small p a r t i c l e  cu t -of f  
i n  t h e  mass d i s t r i b u t i o n  of  meteoro id  masses. 
c o n s i d e r a t i o n  of  t he  cometary o r i g i n  o f  shower meteoro ids  
leads to t h e  i n f e r e n c e  t h a t  t h e  major  showers i n i t i a l l y  conta ined  
no p a r t i c l e s  havirlg masses smaller than  about  10 -I1 Kg and hence 

Appropr ia te  
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sporad ic  meteoro ids  having smaller masses 1 0  -I1 Kg are 
most ly  c o l l i s i o n a l  f ragments .  I n  t h e  absence of a n  e f f e c t -  
i v e  sou rce  f u n c t i o n  f o r  meteor  masses smaller than  about  

r ange )  i s  then  expec ted  to show a r e l a t i v e  dec rease .  T h i s  
supersedes  my e a r l i e r  sugges t ion  t h a t  c o l l i s i o n a l  p rocesses  
a long  may e x p l a i n  t h e  break i n  t h e  mass d i s t r i b u t i o n  o f  
spo rad ic  meteoro ids  i n  t h i s  mass range  (Dohnanyi, 1967). 

Kg, t h e  number of spo rad ic  meteoro ids  ( i n  t h i s  mass 

To sum up,  t he  fo l lowing  conclus ions  may b e  advanced: 
(1) sporad ic  meteoro ids  are very  l i k e l y  shower p a r t i c l e s  t h a t  
have gone as t ray,  ( 2 )  t h e  b e s t  t h e o r e t i c a l  estimate o f  t h e  
popu la t ion  index ,  0 1 ,  of spo rad ic  meteoro ids  i n  t h e  rai?io and 
photographic  range i s  01 = 13/6, ( 3 )  t h e  b r e a k  i n  t h e  mass 
d i s t r i b u t i o n  of spo rad ic  meteoro ids  i n  t h e  range  of s a t e l l i t e  
measurements may b e  due to r a d i a t i o n  e f f e c t s  s u f f e r e d  b y  
meteor  shower p a r t i c l e s  s h o r t l y  a f t e r  t h e i r  s e p a r a t i o n  from 
t h e  p a r e n t  comet. (4) Radia t ion  damping p l ays  a minor r o l e ,  
compared w i t h  c o l l i s i o n a l  p r o c e s s e s ,  i n  de te rmining  t h e  d i s t r i -  
b u t i o n  of photographic  and r a d i o  meteors .  

1011-JSD-b 1 J .  S . Dohnanyi 

At t achme n t  
Appendix A 
Re f e r  enc e s 
F igu re  1 - 9 



APPENDIX - A 

A. PROOF OF THEOREM-1 for erosive processes. Since this 
proof is similar to the proof for catastrophic processes, 
we shall only sketch the highlights. 

We first estimate the amount of mass fi(ml,m2) crushed 
by erosive collisions from objects in the mass range ml to m2. 
Disregarding grazing collisions, the rate fi at which an object 
of mass m is loosing mass, due t o  erosion is (eDohnanyi 1967, 
1 9 6 8 )  : 

where rM is the mass of the crater dug by a projectile having 
a mass M (cf. Section 11) and M / T '  is the mass of the largest 
eroding projectile, i.e., any projectile with a mass greater 
than M/rl would completely disrupt m. 

The mass crushed erosively per unit time and volume 
from a mass range ml to m2, 

can then be calculated, using eq. 4 and A-2 with a > 1116 
and ml > r'p. The result is: 

(A-3) 

and where 

(A-5) 

represents the residual influence.on the erosion process of 
small particles with masses in the range 1 - 1 ~  - m - 1-1. 

< < 
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The mass of the largest particle created will cer- 
tainly be smaller than is the mass of the crater produced by 
the largest erosive particle, We therefore take E'M as the 
mass of the largest particle created during an erosive col- 
lision with m, where 

( A - 6 )  

( A - 7 )  

and 

( A - 8 )  

where 

The analogous expression for R in eq. 22 is: 

> m2 - (r/rl)ml. 

When a=2, the expression for R includes a slowly 
varying logarithmic factor in ml and m2. 

It can be seen, from eq. A-7  and 8, that in both 
of these expressions, R is less than one, and hence more mass 
is l o s t  in an arbitrary range ml to m2, m 
be created by erosive crushing from the entire distribution 
of masses greater than m2. 

> (rl/r)ml than can 2 
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